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APPU8P  COMPUTATION  A1  EUCTBOMAGNtnCS  SOCIETY 

T«rm  Mnud)  of  Progrou  Pi  AooMd  ConicMtollanaf  Boctromognolici 

From  fht  Coi^rtnct  Chairman  To  AU  Atundttt: 

On  behalf  of  the  conference  committee,  welcofse  tod  thank  you  for 
caraini  to  ACES  Vd.  Alao  welcome  (bade)  to  Monterey,  to  California,  ind  to 
the  Naval  Poavaduaw  School  fion  which  we  have  our  loott.  If  yon  are  from 
abroad,  of  eotaac,  weleome  (hack)  to  the  USA.  If  Ihia  ia  j-otir  fint  tioK  an 
extra  weloome,  tod  an  invitation  to  atk  any  of  na  to  t>ve  yon  our  veraion  of 
where  to  to  and  what  to  do,  or  horv  you  can  becooie  intolved-we  do  need  you! 

At  f  write  thia  lefler,  the  January  94  eatthqnake  ia  the  Lot  Angelea  area, 
and  ita  after  ahocks.  an  very  mnch  in  the  newt;  as  we  olao  this  enjoyable 
nreek  for  na  all.  I  cannot  help  but  think  of  those  affected.  po^bW  some  of  you. 
I  End  it  remariaible  that  aeapiie  the  numeioua  calamidea  affecting  ACES' 
beautiful  host  stttc  of  California,  an  atmosphere  of  energetic  hope  always 
prevaila. 

For  this  10th  Aonivenaiy  meeting,  we  have  tried  to  make  it  special  and 
memotabie,  and  to  give  a  diaiinct  thmik  you  to  Dick  and  Pal  Adkr  for  their  years 
of  selfless  service.  We  tried  to  centralize  everything  around  the 
Donbletne/Cooventtoo  Center  to  u  to  give  Dick  and  Pat  tomewhat  of  a  break 
this  year.  We  have  coorthnated  notewo^y  social  events,  vender  exhibits,  and 
shon  couiaes.  Wc  delibetaiely  uied  to  exptmd  the  short  courses  and  sessioos  so 
that  those  of  you  at  home  with  ACES  can  teach  out  to  other  related  areas  like 
Wavelets,  Tune  Frequency  Analysis,  and  Measuiement  Validation.  We  also  felt 
that  with  reaearch  money  being  lighi,  if  ACES  was  the  one  conference  you  went 
to  this  year,  you  would  be  able  to  panially  divetaify  while  here. 

By  way  of  acknowledgmenu  and  Ihanka.  once  agun  Dick  and  Pat  Adler, 
and  Pat's  team  of  dedicated  iadica  who  weak  so  bard  behiod  the  scenes,  not  only 
here  during  the  confetence,  but  all  year.  Jodi  Nix,  who  I'm  sure  you  all  talked  u> 
at  least  once  this  pest  year,  hat  bera  the  handi  and  leet  of  AC^  '94  for  over  a 
year.  She  attended  ACES  '93,  visiled  the  Doublesree.  gave  ACES  publicity  ai 
noineroua  other  conl'eiencea  this  patt  yeer,  and  contacted  countless  perspective 
participanis  in  various  capacibea.  She  ind  her  team  at  Veda  designed  our 
lettetfaead,  poster,  flyen,  etc.,  ct.  adinated  all  the  mailings,  and  even  k^  me  on 
schedule;  plnae  thank  her  every  time  you  see  her! 

Thanks  to  left  Path,  Deonis  Anderah,  and  the  Air  Force  Wright 
Laboialotiet  for  support,  advice,  publicity,  tad  belp  with  eveiy  facet  of  ^ 
coafnenoe;  to  Rob  Lee  aao  Jin  Fa  Lee  who,  at  you  can  see.  did  a  super  job  in 
pgUing  together  all  the  short  comae  ideas  into  a  working  reality.  Ray  Luebbeia. 
the  ACES  *93  (despite  what  it  uya  iij  the  January  annotmeemeat)  Conference 
Chairman,  did  a  gi^  job  in  helpiuig  ua  out  this  year  providing  overall  help  and 
paper  review. 

Last  but  not  least  to  my  (Head  Ood  I  simply  say  ihant  you,  jir,  ami  pUasi 
don't  la  du  forth  thakt  trhUt  we  art  hen. 


BestWiahea. 

Andy  TeizuolL  Chauman. 

1994  ACES  Cunferenee. 

Dayton,  Ohio 
February,  1994 
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ACES  PRESlDENrS  STATEMENT 

It’(  nice  10  b:  here  in  CiUfonua  in  March,  especially  contkJenng  the  {rigid  weather  we 
experienced  in  the  Midwest  this  past  winter. 

It' s  especially  nice,  however,  to  be  here  for  the  tenth  annual  conference  of  ACES.  It's 
hard  to  believe  that  nine  yean  have  gone  by  since  Ed  Miller  and  his  colleagues  stc 
LLNL  convened  a  meeting  to  determine  if  there  was  a  need  to  form  a  society  to  cater  n.. 
the  needs  of  the  compuutional  electromagnetics  community.  The  insv.r.'  w  it 
resounding  'yes’  then,  and  so  it  letnains  today. ' 

ACES  is  uaique  in  its  attitude  to  the  profession.  It  hat  senior-le>''.<  -  reuv.icrs, 
oetlainly.  who  pubiith  significant  papen,  and  yet  much  of  email  1 cc  f:  :;  tiom 
amamar  radio  opctawti  who  want  to  use  NEC  in  their  ncitt  tmfesstc'i.i*  '  i  j  and 
nannlly  look  19  AC^  so  give  them  tuppott  in  their  endeat'  t  's.  Teritai  •:»M'snioie  of 
n  credit  so  NEC  bw  ACES  smted  ns  a  virtual  NEC  uier’«  pm  >-  it’s  nice  to  see 
that  we  haven't  last  our  mois. 

Andy  Terxuoli  ntid  Jodi  NU  have  done  a  great  job  in  organti'itvii  'onference.  We 
owe  them  i  gieat  debt  And  how  about  E&k  and  I^t  Adler?  Yo  t  inoitght  they  were 
just  a  coi^  of  names  who  wanted  yourmon^.  Now  that  you  sc  •;»!  a  chance  to  meet 
them,  and  their  suppon  staff,  you  can  do  the  right  thing  and  thank  them,  too. 

Let  me  sell  you  how  so  get  the  most  out  (tf  this  conference;  meet  colleagues,  see  the 
aoqnarium.  go  to  the  banquet,  have  a  good  time.  The  papen  will  be  so  much  better  if 
you're  in  a  good  mood.  That's  what  we  want  for  you. 


Harold  A.  Sabbagh 
ACES  President 
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MONDAY  MARCH  il  FULL  DAY  COURSE 

"WAVELET  ELECTRODYNAMICS' 

by  0«nM  Kiitw,  I>q«-  af  MahoiutiaU  Seiucct.  UMat-Loodl 

MONDAY  MARCH  21  FULL  DAY  COURSE 

TIME  FREQUENCY  ANALYSIS' 

by  Lon  Coh^  HimiBr  Cottcfe  aid  Otaihale  Ceaier  of  CUNY 

MONDAY  MARCH  II  FULL  DAY  COURSE 
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Review  oftD-TD  Based  Algorirhms  for  Electromagnetic 
Wave  Propagation  in  Dispersive  Dielectric  Material 


J.G.  Blaschak 

USAF  Armstrong  Laboratory 
Brooks  AFB.TX  78235 

Abstract 

The  radio  frequency  dosimetry  community  is  actively  engaged  in  the  assessment  of  the 
biological  effects  of  sboit  pulse,  wide  bandwidth  electromagnetic  sources.  A  key  component  of 
this  effort  is  the  development  of  robust  and  accurate  numerical  simulations  for  use  in  microwave 
pulse  dosimetry  prediction.  Simulation  algorithms  based  on  the  fmite-differenLe  time-domain 
(FD-TD)  igiproximation  to  Maxwell's  equations  have  the  potenaal  for  significant  contribution  in 
this  area  and  are  therefore  of  interest  to  bioelectromagnetics  researchers  at  the  Armstrong 
Laboratory. 

This  study  will  present  analysis  and  computational  experiments  designed  to  resolve 
practical,  performance  questions  regarding  the  use  of  FD-TD  based  methods  to  model 
propagatioa  in  dispersive  ^electrics.  Some  questions  to  be  considered  are: 

•  What  effect  does  the  accumulation  of  phase  error,  inherent  to  the  algorithm,  have  on  the 
quality  of  the  solution? 

•  For  a  sensible  level  of  dlscietaatlon,  through  what  distance  can  the  algorithm  be  expected 
to  accurately  propagate  waves? 

•  Using  published  guidelines  for  appropriate  selection  of  time  and  space  increments,  whai 
computer  resources  are  required  to  (n^uce  an  expected  level  of  accuracy? 

Computed  results  using  the  FD-TD  algorithm  will  be  presented  using  implementations  of 
two  popular  formulations  for  dispersive  dielectrics.  These  approaches  couple  the  constitutive 
relations  for  the  D  and  E  fields  in  the  material  to  the  standard  I^-TD  difference  scheme  as  either 
a  discrete  approximation  to  a  convolution  integral,  or  as  a  discrete  approximation  to  an  ordinary 
differential  equation.  The  FD-TD  solutions  will  be  compared  to  reference  solutions  obtained 
using  in  exact,  Fourier  spectral  approach  designed  to  compute  the  penetrating  fields  in  a  simple, 
dispersive  slab  geometry. 
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Modeling  Propagation  and  Scattering  in  Dispersive  Dielectrics  with 

FD-TD' 


Peter  G.  Petropoulos, 
Armstrong  Laboratory,  AL/OES, 
Brooks  AFB,  Texas  78235-5102. 


1.  Introduction 

The  application  of  oltra-chort  poised  fields  in  tlie  areas  of  radar,  hyperthermia,  and  biology 
ical/environfflental  imaging  is  imminent.  For  that  reiuon  there  is  a  need  for  a  thorough  un¬ 
derstanding  of  the  ihoft'pulie  response  of  media  whose  dielectric  properties  are  described  by 
frequency  dependent  models  fitted  to  permittivity  data  available  for  biological  tissue,  soils,  humid 
atmospheres,  and  radar  absorbing  materials.  In  addition,  the  planned  extension  of  the  IEEE 
Od5.119<)l  RF  eaqpMttre  standard  to  pnlied  fieldj  will  kIk)  rcqnire  qni^tKtive  and  quantitative 
undentanding  of  tnii  tort  to  be  developed.  The  alternative  to  actual  meaiurement  of  the  retponte 
U  numerical  limulation.  The  fact  that  the  above  mentioned  jproblemt  are  ditperaive  requirea  of 
the  candidate  numerical  method  to  accurately  propigate  each  frequency  component  preaent  in  the 
computation.  This  impliea  that  the  method  muit  be  non-diasipative  ao  that  it  correctly  models 
any  energy  lou  due  to  phyiieal  mechaniimi,  and  it  must  introduce  aa  little  artificial  ditperaion  aa 
poaaibte  so  that  the  real  diiperaion  it  liraulated  correctly.  Such  nice  properties  are  desirable  for 
nnmericnlly  capturing  the  BriUouin  (a  low-frequency  aipect  of  the  response)  and  Sommerfeld  (a 
high-frequency  aspect  of  the  responie)  precursor  phenomena  in  ditper-ive  media.  Lacking  such 
a  method  one  wo^d  like  to  characteriie  the  spniioul  numerical  attributes  of  existing  approaches 
in  order  to  control  them  or  even  alleviate  them,  and  to  develop  some  ability  to  prescribe  ao 
acceptable  error  level  and  be  certain  that  indeed  the  simulation  will  accumulate  that  error  and 
no  more.  In  the  standard  FD-TO  method  [1]  the  truncation  error  can  be  neglected  since  it  is 
0(A(’  +  A’),  where  A  is  the  typical  spatial  cell  site  and  At  is  the  timestep.  Assuming  proper 
treatment  of  the  electromagnetic  boundary  conditions  and  of  the  absorbing  boundary  condition 
uMd  to  truncate  the  computational  domain  one  is  left  with  the  major  source  of  error,  i.e.,  the 
phase  error  introduced  by  the  finite  difference  scheme.  This  error  grnu  linearly  with  time.  As 
a  result,  t  given  discretisation  will  not  be  suitable  for  aa  arbitrary  amount  of  computation  time, 
and  the  so  called  ‘Mes  of  thumb*  ooncerning  the  points  per  wavdength,  have  no  meaning. 
The  issue  of  how  to  choose  is  central  in  F^TD  i^culations  in  the  absence  of  canonicd 
aolatioas.  In  my  talk  I  present  some  guidelines  on  how  to  choose  the  points  per  wuvelength  for 
FD-*ro  in  leUidiig  (Debye)  and  lossless  dielectrics. 

There  exist  a  variety  of  useful  extensions  of  the  popnlnr  FD-TD  scheme  to  the  modeling  oi 
pnlie  propagation  in  temporally  dispersive  media  with  complex  geometry.  Here  I  will  only  be 
concerned  with  a  method  [3]  for  Debye  dispersive  materials  since  most  msterials  in  the  microwave 
are  of  such  type.  Other  extensions  |3|  use  a  convolution  representation  of  the  constitutive  relation 
and  work  is  under  way  to  characterise  them  too.  I  will  also  determine  the  required  to  control 
the  phase  error  of  the  standard  FO-TD  in  lossless  dielectrics  when  a  small  Coorant  number,  i/,  is 
used.  The  case  v  ^  1  is  relevant  to  the  discussion  of  FD-TD  for  dispersive  media  because  then 
the  timestep  is  very  small  (as  we  will  see  the  scheme  in  f2|  requires  that  for  accuracy  the  smallest 

'This  work  wai  supported  by  raatiaet  F4I824-92-D-4001  with  USAF  Amutrong  Laboratory. 
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timescale  in  the  problem  is  iiaely  resolved)  consequently,  the  ordinary  diflerential  equations  (ODE) 
which  are  appended  to  the  Maxwell's  equations  to  model  the  dispersion  are  solved  exactly  thus 
leaving  only  the  spaoe-time  discretisation  of  the  partial  dilTereatial  equation  (FDE)  part  of  the 
problem  (the  coil  eouatioiu)  to  intrcdnce  the  phase  error.  Only  one  dimensional  problems  will 
be  ooxwdered  but  because  temporal  dispersion  is  not  coupled  to  space  the  ideas  presented  here 
can  be  heoristically  extended  to  two  and  three  dimensions. 


2.  The  Stability  Analysis  of  a  Debye  Scheme 

Detaili  of  the  ^aljrtu  of  tchemes  for  Debye  ud  Lorente  diipenive  media  can  be  found  in  [4] . 
Some  of  the  text  herein  alio  ippean  there  but  the  explanation*  are  new.  For  demonstration  I 
will  0ve  the  eitence  of  the  approach  used  to  determine  the  itability  properties  of  the  discretized 
coupled  PDE-ODE  system  tmce  &Dm  this  analysis  one  determines  bow  the  discretization  sifects 
the  amptitudf  of  each  fiequency  component  in  the  problem  on  a  per  timestep  basis. 

FVom  [2]  the  difference  equations  for  the  update  of  the  magnetic,  displacement,  and  electric 
field  are; 


or*  =  o; + f  (Cj*  -  C* )  (21) 
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JJ?+' 


A£  +  2t  , 


Af  -  2r  , 


2rt«,  -  (.Ai 


where  n  if  the  diierete  time  index,  j  if  the  ditcrete  ipatisl  index,  a  =  2rc,„  -t-  e.At,  t  is  the 
LUedisiai  relaxation  time,  e„  it  the  infinite  frequency  relative  permittivity,  i:  the  d.c.  relsttve 
permittivity,  and  it  the  permeability  of  vacuum.  An  eigensolution  solution  of  (2.1)  Is 


(2.2) 


In  (2.2^  the  complex  vnlaed  vector  i  =  (h,  d,  e)^  it  the  tpatial  eigenvector  of  the  difference  lyitem 
which  u  reUted  to  initial  coaditiont,  and  k  is  the  wavenumber  of  the  harmonic  wave  component 
whote  ftability  and  decay  it  determined  by  |(l  which  it  the  complex  time-eigenvalue  we  wish 
to  find  and  whoee  magnitude  vriU  determine  the  ftability  and  diuipation  propertiet  of  ^he  h-th 
frequency  in  the  difference  equationt.  Subttituting  (2.2)  in  (2.1)  and  after  plenty  of  algebra  we 
arrive  to  a  polynomial  equation  for  (.  The  polynomial,  whose  solutions  give  ^  at  a  function  of  the 
medium  parameters,  the  timetiep,  and  the  quantity  hA  (s  2fr/iVp^),  is  as  foUov" 


j  f^{h  +  i) -6l^- he,  ,  p*(h-2)  +  6t^  -  he,  _  2e«,  -  he,  _ 

2eM  '4'  he,  -f  Ac*  2c«»  4-  Ac*  ’ 


(2.3) 


where  pw2i>tin^,A  =  A£/T,i/  =  is  the  Courant  number,  and  all  permittivitie.  ate  relative 
to  The  tpeed  e^  if  the  maximum  wavespeed  iu  the  problem  and  ii  given  by  c.  =  cj  ,/t^. 
The  speed  of  light  in  free-tpace  is  e.  The  product  hA  may  be  thought  of  at  wavenumber  if  A 
it  fixed,  or  at  inverte  of  pointt  per  wavelength  if  A  it  viev^  u  fix^.  It  mutt  be  emphatited 
that  h  and  v  determine  the  amplitude  (and  phase  error)  introduced  by  the  diicretization.  Talung 
r  w  8.1  X  lO^'^iec,  e.  =  78  2,  and  e^  =  1>  we  calculate  numerically  with  IMSL  routine*  the  3  roots 
of  (2.3)  for  a  variety  of  h  and  v  and  examine  the  toot  of  largest  magnitude  as  a  function  of  leA 
in  the  range  0  <  ItA  <  r.  Figure  1  shows  the  result  for  v  =  1  and  three  levels  of  time  resolution, 
i  e.,  10,  100,  and  1000  timeitepi  per  relaxation  time.  Numerical  studies  of  the  roots  show  the 
uifierence  equations  to  be  stable  since  it  was  alwap  that  niaz|{|  <  1  for  any  hA  in  the  range 
considered  at  long  at  v  <  1  and  h  arbitrary.  In  su^  a  naph  the  amount  of  artificial  dissipation 
introduced  by  the  differenced  ODEs  is  evident  since  it  is  known  that  the  FD-TD  differenced  PDEs 
fhonld  alsraye  have  nsaz|{|  =  1  for  all  hA  when  s  <  1.  To  determine  the  amplitude  of  the  Jt-th 
mode  after  N  timestepa  one  merely  computet  the  number  A  x  (man|((ltA)|)''  where  A  is  the  initial 
mode  amplitude.  It  turned  out  that  Tnaa|{|  >  1  {instability)  whenever  x  >  1  regardless  of  the 
mediom  parameters.  Thus,  the  well-known  stability  reatriction  of  the  standard  FD-TD  scheme 
is  preserm  by  this  extension  to  Debye  media.  Looking  at  other  medium  parameters  and  media 
which  exhibit  multiple  relaxation  times  I  deduced  that  the  amplitude  error  is  negligible  whenever 
At  <  O(I0~’)r’*^  and  v  is  at  the  maximum  value  for  stabUity  (=1).  When  the  timestep  is  thus 
choaeo  the  amplitude  error  resembles  that  in  the  case  of  non-dispersive  FD-TD  which  ii  labeled  as 
EXACT  on  Firaie  1.  r"***  is  the  smftUett  relazetion  time  if  the  medium  exhibits  more  than  one 
relaxation  melanism.  If  is  reduced  from  its  odmum  possible  value  (in  2/3  dimensions  this 
is  always  the  case)  the  timeitep  restriction  in  rr  j  severe.  Note  that  the  incident  pulse  duration 
does  not  enter  in  the  analysis.  Thus  the  minim.,  a  relaxation  time  must  still  be  findy  resolved  by 
the  timestep  in  this  and  other  similar  approaches  even  if  the  pulse  duration  is  comparable  to  the 
longer  relaxations.  Thus,  when  the  problem  is  stiff  (it  it  typically)  the  computational  resources 
needed  to  tackle  realistic  problems  may  be  enormous.  It  would  be  heloful  to  be  able  to  increase  A 
in  a  controlled  fashion  in  order  to  reduce  the  computer  storage  whicn  grows  geometrically  when 
the  spatial  cell  sise  is  reduced.  Of  course  one  will  then  have  to  execute  more  timesteps  to  compute 
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Fignie  2:  Pkate  tOKH  u  a  function  of  A  =  A//t  for  existing  Debye  medium  difference  schemes 
vexxos  wAt  for  Connnt  nnmber  v  ax  1.0. 


in  •  given  phytical  time  intuvnl  but  the  computation  time  increases  only  linearly  as  At  is  reduced. 
Section  3  will  show  how  to  control  the  artihcial  dispersion  (hence  the  phase  error)  for  FD-TD  in 
diapmve  media,  and  Section  4  will  show  how  to  choose  the  spatial  cell  site  in  cases  where  the 
required  timestep  is  very  small,  i.e.  when  one  effectively  reduces  the  Courant  number,  lo  that 
a  prescribed  amount  of  phase  error  is  accumulated  by  the  end  of  a  prescribed  computation  time 
interval. 


S.  The  Phase  Error  Analysis  of  a  Debye  Scheme 


Now  we  will  determine  how  the  dUcretisetion  affects  the  phaag  of  each  frequescy  component 
on  a  per  tizueatep  baaii  for  the  tcheme  in  the  previoof  lection.  Detaili  and  tome  of  the  following 
text  can  be  found  in  (4|  but,  again,  the  interpretatioiu  are  new.  The  following  definition  of  phase 
error  if  employed: 


(3.1) 


where  hwN(w^t)  is  the  numerical  dispersion  relation  and  ht«(w)  is  the  dispersion  relation  of  the 
Debye  me^um  given  by  _ 


iui 


(3.2) 


T  have  let  to  the  expressions  simplify.  The 


range  considered  i?  such  that  0  ^  tt 
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Figure  3:  a)  The  dependence  of  Np^  on  P  for  an  allowed  phase  error  of  0.1  radians.  For  com¬ 
parison  the  Nppm  required  by  a  fourth-order  FD>TP  at  the  same  error  level  is  also  graphed,  b) 
Computed  phase  error  (stars)  growrth  versus  the  number  of  computation  time  for  the  Yee  scheme 


given  To  detenmne  the  numerical  dispersion  relation 


«? 

Of 


^  ] 


(3.3) 


is  sabstitnted  in  the  difference  eqnniion*  (3.1).  Extensive  slcebra  t;ives  the  dependence  of 
on  the  frequency  w  nnd  on  the  vniious  memom  and  disareUsntion  pnrameters  ns  follows 


,wdsinwA(/2 
'cT  <vAt/2  ^ 


^  cos 
1  cos 


(3.4) 


By  inspecting  (3-4)  and  comparing  it  to  (3<2}  a  feature  emerges  that  is  solely  due  to  the  discretiia- 
tion  of  the  ODE  involved.  The  ^ax^ion  time  r  of  the  medium  is  now  =  r/cos(wAt/2), 
i.e.,  the  medium  actually  modeled  by  the  numerics  is  one  with  higher  relaxation  time  constant. 
This  is  the  source  of  the  artificial  dissipation  exhibited  by  the  maximum  root  of  (2.3).  Such 
artificial  dUsipatioo  can  be  controlled  by  chootiog  At  io  that  coswAt/2  1  across  the  range  of 
frequencies  present  in  the  short-pulse  that  propagates  in  the  medium.  In  Figure  2  we  show  the 
dependence  of  the  phase  error  (3.1)  on  the  number  h  =  At/r  as  a  function  of  wAt  when  v  ^  i, 
the  maximum  v  for  stability  in  IB.  Again  we  see  that  the  timestep  guideline  given  in  the  previous 
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•ection  it  optimal  alto  for  the  phaae  error  tince  if  A(  <  and  pal  the  phate  error 

if  that  of  the  non-diapenive  PD-TD  in  a  ID  dielectric  used  with  u  ^  i.e.,  the  phase  error  it 

lero.  £xpaimentatioa  with  varioot  medium  parameten,  with  media  exhibiting  more  relaxation 
timei  asid  with  u  <  \  poiati  to  the  optimality  of  this  guideline.  If  p  ii  reduced  (typical  in  2/3 
dimenaioDt)  the  timettep  estimate  it  more  severe  and  the  error  properties  of  the  scheme  can  only 
be  determined  by  looking  ai  graphs  like  Figures  1  and  2.  In  the  next  section  a  useful  estinietf 
is  shown  fur  It  holds  whatever  the  medium  in  cases  where  one  needs  an  extremely  small 

timestep.  Finally,  it  is  to  be  emphasised  that  if  the  given  medium  exhibits  a  range  of  relaxation 
times  then  bat  to  resolve  the  smallest  one  in  the  w^  derived  here  even  if  the  incident  pulse 
duration  it  comperable  to  the  longer  relaxation  timet.  This  situation  occurs  in  simulations  with 
realiitic  paltet  and  medium  mod^. 


4.  Control  of  Phase  Error  in  FD>TD  for  Small  Timestep 

For  the  Yee  scheme  in  a  one  dimensional  lossless  dielectnc  I  have  determined  that  if  one 
prescribes  the  phase  error,  e^,  thmi  the  points  per  wavelength  required  to 

discretiae  the  spatial  domain  is  related  to  F,  the  **electrical  time,”  by 

(4.1) 

whcR  P  ii  the  phyiiul  computetion  time,  w"  it  the  higheit  jirquency  in  the 

compntntion  for  which  we  will  accept  the  pretcribed  phase  error,  and  e,  is  in  radians.  (4.1) 
was  derived  for  the  Conrant  number  w  <  1  and  this  was  done  because  my  problems  required  a 
very  small  timeatep  and  conaequently  a  very  small  spatial  step  if  I  had  to  taJee  i>  =  clt/A  =  1. 
The  estimate  is  alio  valid  for  any  ■*  aa  long  aa  kIN^  <1.  It  would  be  helpful  to  be  able  to 
detennine  how  to  ehooae  Q,  in  the  case  i/  <  1  since  this  effectively  means  that,  for  fixed  u,  A  has 
been  tnenosed  In  [$]  I  derive  the  corresponding  relation  like  (4.1)  for  the  two  dimensional  PD-TD 
where  I  alao  verify  it  with  limulationt  of  propagation  in  a  waveguide.  Figure  3a)  shows  how  is 
related  to  P  for  a  phase  error  of  Q.l  radians,  roughly  5.7*.  From  (4  1)  the  cell  size  is  0(y/e*/tju>"). 
If  we  ace  calculating  pulse  propagation  w*  would  be  the  highest  frequency  present  thus,  for  fixed 
ee,  the  ipetial  cell  size  goes  like  l/v^-  If  sre  are  using  FD-TD  to  marcli  to  a  steady-state  in  order 
to  obtain  bequency-domain  information  then  (.  does  not  have  any  meaning  apart  from  it  being 
the  time  interval  needed  to  reach  steady-state  since  essentially  we  are  solving  an  elliptic  problem 
•o,  for  fixed  «e,  vre  see  that  A  goes  like  1/,/w*,  where  u>*  is  the  frequency  of  the  time-harmonic 
wave  forcing  the  problem.  In  thn  case  the  time  t.  has  been  lumped  in  the  O  symbol.  On  Figure 
3a)  I  have  alao  graphed  the  corresponding  inquired  from  a  fouitb-order  FD-TD  method  to 
achieve  the  same  phase  error  as  the  Yee  scheme  in  the  same  amount  of  computation  time.  Note 
that  for  long  computation  times  the  savings  (=less  memory)  are  substantial.  For  the  Yee 
scheme  Figure  3b)  shows  a  comparison  between  the  theoretical  and  observed  phase  error  for  a  one 
dimenaion^  computation  whose  discretisation  was  designed  with  the  guideline  (4.1). 

In  |5]  these  concepts  are  demonstrated  for  two  dimensional  PD-TD  methods  where  the  case 
in  favor  of  the  fourth-order  FD-TD  is  even  stronger.  We  have  seen  in  Sections  2  and  3  that  the 
FD-TD  for  dispertive  media  require  an  extremely  small  timestep.  Thus  one  has  to  look  at  the 
discretisation  requirements  for  small  Courant  numbers  pven  a  fixed  spatial  step  determined  by 
the  amount  of  computer  memory  one  has.  (4.1)  and  [4j-{5]  should  help  in  such  attempts.  Figure 
3a)  and  [5|  indicate  that  for  long  computation  times  (ne^ed  in  calculations  of  the  interaction  of 
pulses  with  dispersive  media)  the  fourth-order  FDTD  should  be  better.  Here  it  another  reason: 
The  fourth-order  FC-TD  works  test  srith  a  small  timestep  since  its  truncation  error  is  0( At’  -I-  A*) , 
it  is  second-order  accurate  in  time,  to  if  we  choose  At  —  A’  true  fourth-order  accuracy  is  obtained 


ftt  a  fourth  of  the  iaial  computationfel  coat  of  the  itandard  FD  -TD  for  the  lame  pk*sc  encr  leve]- 
That  ia,  in  iicht  of  the  appUcatton  in  diipertive  media,  the  to  called  (2>4)  FD-  TD  it  »  natoral 
ijioice  while  the  staadard  tcheme  need*  a  large  amount  of  computational  reaourcet  since  in  order 
to  be  accurate  and  the  timeatep  reathclion  to  be  optimal  it  requires  ^  to  be  chosen  close  to  its 
maximum  value  possible  for  stability. 
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Abstract.  la  oompatiag  the  RCS  of  complex  objects,  or  computing  tke  interaction  of  microwaves 
with  biological  time,  one  is  often  faced  with  the  problem  cf  discretizing  Maxwell’s  equations  in  the 
presence  of  exotic  geometries  and  lualeiial  inhomogeneicict.  In  these  cases,  the  nse  of  automatically 
gcaeratsd  nnstmetand  tetrahedral  grids  is  partkulaily  attractive.  These  grids,  in  which  some  elements 
may  have  poor  qnality  factors,  inflnence  the  choice  of  discretization  method.  An  obvious  possibility  is 
to  use  either  staadard  node  based  continuous  piecewise  linear  elements,  or  the  sub-Lnear  edge  based 
family  of  Whitney  elcmcntt  This  paper  is  devoted  to  ea  aitalytical  aad  numerical  comparison  of  these 
two  EMthods.  We  shall  alto  diacuss  some  implemeatational  aspects  foensiag  cm  parallel  computing. 

1.  Introduction.  In  this  paper  we  shall  compare,  using  analytical  and  numerical  tech¬ 
niques,  two  methods  for  discretizing  tfa  Maxwell  systeisi  in  R^.  In  order  to  simplify  the  presen¬ 
tation  and  in  order  to  focus  on  enential  aapects  of  each  method  we  shall  only  consider  simple 
wave  propagation.  Other  aspects,  such  at  radiation  boundary  conditions,  will  not  be  considered 
hexe.  We  wish  to  approximate  the  electric  field  and  magnetic  field  t)  that  satisfy 

the  Maxwell  system. 


£,-Vxfl’  =  0andH-,-pVx£  =  0  in  0  (1) 

where  fl  will  be  either  the  cavity  [0,2P  or  the  entire  space  R^.  For  the  cavity  ft  is  [0,2]^  the 
fiddc  are  assumed  to  satisfy  the  following  boundary  condition: 

nx£w7  onF-s  boundary  of  ft,  (2) 

where  n  is  tire  unit  outward  normal  to  ft  and  7  is  a  given  tangential  field.  In  addition,  the 
initial  nelds  H(s,0)  and  £(z,n)  must  be  given  (in  our  case  n'(x,0)  •  E{x,0)  =  0). 

We  anume  that  ft  hu  been  covered  by  an  unstructured  tetrahedral  mesh  ts  consisting  of 
letrahedra  of  maximum  diameter  />.  The  mesh  is  assumed  to  be  regular  and  quasi-unifmm 
(although  the  latter  coiutraiat  ia  often  ignored  in  practice).  We  shall  use  the  notation  (u,  v)  = 
Jg  n  ■  vdV.  With  this  notation,  we  can  define  the  two  methods  under  consideration. 

1.1  Ndddicc’a  Method.  Thii:  method  was  proposed  by  Nedelec  [13|  and  uses  the  lowest  order 
edge  elements  of  Nedelec  (or  Whitney  elements).  Precisely,  the  approximate  electric  field  Ei,{t) 
is  taker,  to  satisfy  the  following  conditions: 

'ReHurch  supported  in  part  by  AFOSR. 
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■  Ek(i)  €  ff(curl;  f])  wkere  //(cuW;fl)  i(  the  set  of  functions  in  (X’(f])]^  with  (X^((l))^  cuil. 

•  On  each  tetrahedron  X  €  rt,  £4(t)|ir  =  ax  +  x  x  hfc 
where  ax  aad  hx  piecewue  constant  vectors  in  space  that  depend  on  time.  We  denote  the 
apace  of  solution  functions  of  the  above  type  by  and  %re  denote  by  {7^'°  the  space  of  fimctions 
with  homogeneous  boundary  data  to  that  =  |uk  e  l^k\n  x  u*  =  0  on  Fj.  An  advantage 
of  these  spaces  it  that  it  easy  to  construct. 

Following  Nddelec,  the  magnetic  field  is  discretixed  using  face  based  elements,  so 

s  H't(t)  €  ff(div;(})  where  if(dsv;fl)  it  the  space  of  functions  in  (X’(n))‘  with  X’(n) 
divergence. 

s  On  each  tetrahedron  K  €  r^,  Ha(<)|K  cx  +dxx  where  Cx  >s  a  constant  vector  and  dx 
a  scalar  on  each  element. 

We  denote  the  space  of  fnnctioui  of  this  type  by 

The  discrete  dectric  and  magnetic  fields  (£a,  Ha)  €  0'^  x  satisfy  the  variational  problem 

(£a.,V>»)-(Ha,Vxs(,,)  *  I)  (3a) 

(»«>*) +  (Vx£*.*J  =  0  (3b) 

In  addition,  (3)  is  satisfied  approximately  by  interpolating  the  boundary  condition  at  the  mid¬ 
point  of  the  edges  on  F.  This  method  was  analyzed  in  [11,  9].  Advantages  of  this  method  are 
discussed  in  (2].  Details  of  implementation,  together  with  numerical  RCS,  absorbing  boundary 
conditioos  and  time  stepping  are  given  in  (8,  7,  5].  Advantages  of  this  method  are  discussed 
in  [2].  We  remark  that  the  main  advantages  of  this  method  are  that  the  computed  magnetic 
fidd  is  exactly  divergence  free  and  the  electric  field  is  discrete  divergence  free.  In  the  case 
of  inhomogeneous  media  (variable  permeability,  permitivity  and  conductivity)  this  method  is 
applicable  without  nKxlificatioa. 

Obvious  disadvantages  are  that  for  s  given  mesh,  many  more  unknowns  are  required  to 
discretize  the  problesn  compared  to  nodal  methods  (but  see  [4]  for  comments  on  the  sparsity 
structure  of  matrices  for  this  problem).  In  addition  the  method  has  a  low  order  of  convergence 
(as  we  shall  see  in  the  next  section). 

1.2.  A  Node  leased  Method.  The  second  method  we  want  to  examine  is  based  on  continuous 
piecewise  linear  finite  elements.  The  discrete  electric  field  £s(()  satisfies: 

.  £s(t)  e  (ff‘(n))’- 

s  On  each  element  K  e  r*,  £*(f )lx  €  (A)*  where  Pt  is  the  set  of  linear  polynomials. 

We  denote  the  space  of  such  fields  by  (standsrd  elements).  The  magnetic,  field  is  discretized 
in  the  same  way. 

Due  to  ambiguity  in  the  choice  of  a  normal  vector  for  a  polyhedral  domain,  we  prefer  to  use 
weakly  eufotced  boundary  conditions  so  we  seek  (£a(0i  ^a(f))  €  (f/jf )’  such  that 

(£.,♦*) -(VxH»,V>J  =  0  Vd-set//.  (4a) 

(//»!,*» +  (£k,Vx*A)  =:  <Tf,d>k>  (4b) 

Here  <  Ts,  r  >rc  Jf  "s  •  v  dA.  We  have  also  programmed  the  use  of  strongly  enforced  boundary 
couditions  (see  [12]).  This  method  is  similar  in  spirit  to  a  method  investigated  in  [6]  in  two 
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dimensioDi.  However  we  do  oot  msu  lump  sincn  mau  lumping  datroys  i.oe  superior  phase 
accuracy  of  the  method. 

Oue  advantage  of  thia  method  ia  that  the  fields  are  continuous  and  hence  available  nt  any 
point  in  space  (for  example  for  RCS  calculations  or  graphics).  In  addition,  as  we  shall  see,  the 
method  has  excellent  dispersion  properties.  An  important  disailvantage  is  that  the  method  doej 
not  generalize  easily  to  allow  for  discontinuous  permiability  or  permhivity. 

1.3.  TUoe  Stepping.  Both  methods  described  above  give  rise  to  a  system  of  differential 
equations  of  the  form 

Afr^  -  “<5  +  C£  =  3. 

<H  ax 

where  £  and  S  are  vectors  of  electric  and  magnetic  degrees  of  freedom,  Mg,  Mu  and  C  are 
matrices  and  f  and  3  are  data  vectors.  This  system^can  Ire  discretized  conveniently  by  the 
leap-frog  method  [IS].  Thus  if  At  is  the  time  step  and  £"  us  £(nA()  with  similar  definitions  for 
and  and  5*+' 


&t  ■ 

(5a) 

_  d'*>n  ^  ^ 

Mfj- - - - +  CS'*'  =  3^'. 

At 

(5b) 

Note  that  at  each  time  step  we  shall  have  to  solve  matrix  problems  with  matrices  Mg  and  Mg 
which  ate  sparse  and  positive  definite. 

7.  Analysis  of  the  methods. 

2.1.  Error  Amtlyiia.  The  Nedelec  scheme  (3)  was  analyzed  in  [11,  9]  where  it  wai  shown  that 
if  II  •  11  denotes  the  (£’(11))’  norm  then  ||(E  -  £a)(-l)||  +  IKH  -  Ha)(l)l|  =  0(h)  provided  E 
and  B  are  zmooth  enough.  This  is  an  optima]  estimate  for  the  edge  scheme.  Using  the  methods 
of  [lOj  ,  it  ii  also  poasible  to  show  the  same  error  aatinute  for  (4),  but  this  eatimate  may  oot 
be  optimal.  Thii  tint  order  convergence  is  very  poor,  but  in  R'  (using  a  triangle  based  edge 
method)  we  find  that  the  nodal  oonvergnee  rate  is  O(h’)  which  is  a  significant  improvement 
over  the  global  estimate.  In  this  p^rei  we  shall  investigate  whether  such  “super  convergence’’  is 
found  in  (see  the  section  on  numerical  results). 

2.2.  Dispernon  AnalyHS.  The  error  analysis  above  shows  general  global  convergence.  To 
obtain  a  better  ondentanding  of  the  wave  propagatioD  properties  of  (3)  and  (4)  we  perform 
a  dispersion  analysis.  To  do  this  we  must  use  a  translation  invariant  grid  of  R’.  We  start  by 
discretizing  in  cube  ilk  =  jO,  h]’  wng  lix  tetrah'xira  as  shown  b  Figure  1  (a).  Then  the  mesh, 
Tk  of  R^  is  formed  by  translating  in  z,  y  and  z.  We  seek  discrete  plane  wave  solutions  of  (3)  or 
(4).  By  thir.  we  mean  that  £»(*,()  =  £^(z)exp  (— »wt)  and  H»(*_,t)  =  £r*(x)exp(— iut)  where 
Ek  and  Hk  have  the  translation  property  £it(x -I-  (jh,  kb,  IA))  s  Ek(x)exp  [ik  ■  {Jh,kh,lK))  for 
integer  i.  j,  k.  A  timilat  relation  bolds  for  Hk-  b  order  for  these  functions  to  satisfy  the  finite 
dement  equations,  the  sector  k  and  frequency  u>  must  satisfy  a  diiperston  relation  w  =  u{k.  A). 
The  finite  dement  functions  and  dispersion  relation  may  be  computed  by  solving  an  dgcnvalue 
problem  or.  Clk. 
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(a)  Subdivisiott  of  th«  cubo  into  6  utnbfdm 


(b)  Edge  EIoimm  Method 


(c)  Node  Baoed  Scbone 


(d)  Y«e  SdaoM 


Figure  1:  ^e  ihow  contour  mnpe  of  the  error  in  the  phnne  velocity  u  n  function  of  propagntion  angle 
9  and  Panel  a)  ahotn  the  nie.h  nied.  Panel  b)  ahowa  the  phaae  velocity  error  for  the  edge  acheme 
trith  10  grid  poiuta  per  wavelength.  Shading  emphaaizen  that  the  error  can  be  poeitive  or  negative 
depending  on  propagation  direction.  Panel  c)  ihowa  the  phaae  velocity  error  for  the  node  baaed  icheme 
oaing  14.7  ^rd  edit  per  wavele^igth  (tame  density  of  unhnowna  at  for  the  edge  acheme).  The  error  it 
always  negative  and  ranch  better  than  for  the  edge  acheme.  Panel  d)  ahowt  the  correaponding  plot  for 
the  Yee  finite  difference  acutuie  ating  14.7  grid  ceila  per  wavelength  and  the  optimal  Conrant  number 
(the  other  piaurea  do  not  include  time  atepping). 
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For  the  continuoui  problem  (1),  4  pl4Qe  W4ve  (olution  exiiU  if  either  w  =  0  or  u  =  ±|fc|. 
For  4  finite  element  problem  the  diapenion  irJntion  will  oo  longer  be  exact,  but  we  want  an 
accurate  numerical  dinpetsion  relation  to  esfur:  good  phase  accuracy  in  the  numerical  solution. 
To  distinguish  the  finite  element  dispersion  relation,  we  shall  denote  it  by  Uk- 

Using  MAPLE,  we  can  show  that  for  the  node  based  scheme  (4),  either  us  s  0  or  ut  = 
d:|l!|  +  0(h*].  This  is  a  very  highly  accurate  relation  and  justifies  our  interest  in  this  method  (for 
comparison  the  well  known  Yee  finite  difference  scheme  [15]  has  a  dispersion  relation  accurate 

to  0(A’)). 

For  the  edge  method  (3),  we  caanot  compute  an  analytic  dispersion  relation.  Instead  we 
compan  disposion  rdationa  graphically.  In  Figure  1  (b)  and  (c)  we  show  the  error  in  the 
dispersion  relation  defined  by 

-i| 


where  i  and  d  are  the  standard  polar  angles  for  the  propagation  direction  and  where  h  is 
chosen  to  correspond  to  10  grid  cells  per  wavelength  for  the  edge  method  and  i4.7  grid  cells  per 
wavelength  for  the  nodal  method.  The  choice  of  10  cells  per  wavelength  is,  at  the  lower  end  of 
the  range  used  in  practice,  and  has  the  same  density  of  unknowns  as  for  the  node  based  methods 
with  14.7  cells  per  wavelength.  For  comparison,  we  also  show  the  dispersion  relation  for  the  Yee 
finite  difference  method  using  14.7  grid  cells  per  wavelength.  FVom  Figure  1  it  is  quite  clear  that 
we  expect  the  edge  method  (3)  to  have  a  poorer  dispersion  behsvior  than  the  Yee  scheme,  but 
the  nodal  method  (4)  is  far  superior  to  either. 

We  should  also  note  that  the  edge  scheme  possesses  parasitic  modes.  Finally,  the  grid  based 
on  subdividing  a  cube  is  optimal  for  neither  the  edge  bared  or  nodal  methods.  Using  a  uniform 
Sommerville  grid  [3],  the  dispersion  relations  for  (3)  and  (4)  improve  dramatically. 

3.  Ixnplementation.  In  implementing  the  edge  based  method  (3)  it  is  convenient  to 
use  the  Whitney  fonns  to  represent  the  fields  ou  each  element  [1,  8J.  One  is  left  with  the 
problem  of  solving  the  discrete  problem  (5)  obtained  form  the  lemi-discrete  problem  by  leap¬ 
frog  discretization. 


S.l.  Edge  Method.  In  this  case  the  matrix  Ms  is  symmetric,  positive  definite  sod  sparse 
(see  [4]  for  an  analysis  of  the  sparsity  pattern).  We  use  the  pracooditioned  conjugate  gradient 
algorithm  to  solve  the  associated  matrix  problem  using  the  diagonal  of  the  matrix  as  the  pre- 
conditioner  (sec  also  [8]].  To  analyse  the  effectiveness  of  this  approach  we  proceed  as  follows 
using  the  analysis  of  Wathen  [14]  Let  be  the  mass  matrix  for  element  If  €  r^,  and  let 
be  the  diagonal  matrix  formed  from  the  main  diagonal  of  Mg  ■  Then  the  eigenvalues  of  the  pre¬ 
conditioned  matrix  Mg  are  real  and  lie  in  [A|,  A,]  where  Ai  =  luin/rcrt  AJ'",  A,  =  maxics,„  AJ" 

A~*-rraxi^^^ 


For  the  grid  in  Figure  1  (a)  we  find  A„/Ai  =  6.433  which  implies  that  at  each  step  of  the 
preconditiooed  conjugate  gradient  algorithm  the  error  is  decreased  by  a  factor  of  approximately 
0.19. 
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Unfortunately,  the  contlitioning  of  the  matrix  Mg  depends  on  the  geometry  of  the  grid.  Thus 
Xi  and  A,  mt4St  be  computed  for  etch  grid  used.  Nevertheless,  computing  A,  and  A(  does  give 
an  a  priori  estimate  on  the  number  of  conjugate  gradient  steps  needed  per  time  step.  It  may  be 
worthwhile  to  check  grids  before  computing  and  modify  poor  tetrahedra  to  improve  the  condition 
number  of  We  note  that  a  uniform  Sommerville  grid  gives  a  condition  number  estimate  of 
S  and  hence  a  convergence  factor  of  0.145  per  conjugate  gradient  step. 

For  the  edge  method  the  matrix  M/t  in  (5)  can  be  diagonalized  so  (5b)  can  be  solved  rapidly. 

Numerical  computations  of  uk  show  that  max^  u>n  ts  8.5  and  hence  the  leap  frog  time  stepping 
scheme  has  a  stability  constraint  of  Atfh  <  0.23  where  At  it  the  time  step  and  h  is  the  length 
of  the  sides  of  the  cube  which  underlies  the  tetrahedralixation.  The  actual  stability  bound  in 
the  pretence  of  boundary  conditions  may  differ  from  this  value. 

3.2.  The  Node  Based  Method.  Here  both  Mg  and  Mh  are  symmetric,  positive  definite  and 
■parte.  Thus  both  (5t)  snd  (5b)  give  rise  to  linesr  systems  that  must  be  solved  by  preconditioned 
conjugate  gradients.  In  this  case  the  Watben  bound  on  the  condition  number  is  5  independent 
of  the  mesh.  Thus  the  convergence  factor  per  conjugate  gradient  step  is  0.145.  This  indicates 
that  conjugate  gradient  method  converges  faster  for  the  node  based  scheme  than  the  edge  based 
scheme,  but  one  most  do  twice  as  many  conjugate  gradient  problems. 

Numerical  computations  of  ws  show  that  maxj^ua  »  2.77  and  hence  the  leap  frog  time 
stepping  scheme  has  a  stability  constraint  of  Al/h  £  0.72. 

4.  Numericutl  Hesults.  In  order  to  investigate  the  propagation  behavior  of  the  two 
methods  (3)  and  (4)  on  non-uniform  grids  we  have  performed  a  simple  computational  test  of  the 
methods.  We  take  n  ■  [0, 2]’  and  mesh  fl  by  subdividing  into  x  N  xN  cubes,  then  subdivide 
each  cube  into  six  tetrahedra  (tee  Figure  1  (a)).  Finally  the  mesh  is  randomized  by  moving  the 
coordinates  of  each  mesh  point  a  random  distance  at  most  0.1  (2/N)  in  the  (x,y)  plane.  The 
time  step  At  «  A/8.  The  exact  solution  a  E  m  Eag{k  ■  x  —  t)  and  H  =  Hgg{k  ■  x  -  t)  where 
k  =  (sm(8)oot(d)i<in(4)un(^),cot(8))  and  8  =  ^  =  ir/4.  Aiso  Eo  =  (sin(^),  —  cos(^),0)  and 
Ho  =  (cas(8)co»(4),coa(8)3in(^),-sm(8)).  Finally  the  function  j(f)  is  given  by 


I-wpt-lO) 


0 


0<t<2 
otherwise  . 


The  boundary  data  7  is  computed  &om  ,  be  exact  solution. 

Figure  2  shows  a  plot  of  the  maximum  error  at  the  interpolation  points  against  numbers  of 
degrees  of  freedom.  The  slope  of  the  line  is  coosistent  with  O(A')  convergence  with  5=1.  This 
suggests  that  the  error  analysis  mentimed  earlier  in  the  paper  correctly  reflects  the  behavior  of 
both  methods.  A  graph  of  the  z  component  of  the  electrical  field  x  =  g  =  z  =  1/2  is  shown 
in  Figure  3  for  the  case  N  =  Ifi.  It  is  clear  that  the  phase  accuracy  of  the  nodal  scheme  is  much 
better  than  the  edge  scheme  as  is  to  be  expected  from  the  dispersion  analysis.  But  the  overall 
accuracy  is  worse  (for  the  electric  field). 

5.  Parallel  Aspects.  The  use  of  a  low  order  tetrahedral  based  solver  increases  the 
computational  burden  compared  to  traditional  finite  difference  schemes.  For  this  reason  it  is 
important  to  investigate  parallelization  of  the  finite  element  time  domain  code.  We  have  done 
this  for  the  edge  baaed  method  (3).  It  turns  out  that  the  space  it  no  longer  convenient,  so  we 
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Figure  2:  This  figure  shows  a  plot  of  the  er¬ 
ror  in  the  nodal  values  of  the  electric  and  mag¬ 
netic  fields  against  the  total  number  of  degrees 
of  freedom  for  the  method.  We  show  reanlls 
for  the  edge  and  node  based  schemes  and  a 
reference  bne  corresponding  to  0{h)  conver¬ 
gence.  The  error  is  computed  at  t  =  ^  for 
the  numerical  test  discussed  in  the  text.  The 
slope  of  the  Unas  are  consistent  with  an  error 
proportional  to  0(h)  for  both  methods  which 
•hows  that  onr  error  analysb  docs  capture  the 
details  of  convergence.  Note  that,  even  allow¬ 
ing  for  difTerences  in  the  number  of  degrees  of 
freedom,  the  edge  method  is  more  accurate  for 
the  electric  field  although  the  magnetic  field 
b  worse. 


Figure  3:  We  sliow  the  x  component  of  the  exact  and  computed  electric  field  £  at  approximately 
X  =  (0.5.0.3,U.5)  wlicu  A’  :=  16  as  a  function  of  time  t.  The  nodal  r'^ult  is  for  the  node  closest  to  the 
(icsireti  point,  while  the  etige  result  is  actually  the  component  of  B  in  the  direction  (0.967,  -0.2.56.0.) 
at  the  point  (0.o23.  0.500. 0..500).  This  is  the  closest  edge  interpolation  value  to  the  desired  result.  Note 
the  poor  amplitude  amiracy  of  the  rode  based  scheme.  The  integration  has  not  been  carried  out  for 
a  long  enough  time  to  sliaw  the  superior  phase  accuracy  of  the  nodal  scheme. 
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u*e  the  ipece  of  piecewiw  coiutuit  vector  fieldr  to  discretize  the  magnetic  field.  This  method 
gives  exactly  t^  tame  solution  at  the  edge/face  method  mentioned  before,  but  at  the  cost  of 
more  degrees  of  freedom  far  the  magnetic  field.  Parallelization  aspects  are  discussed  in  more 
detail  in  [12]  srhere  sre  provide  efficiency  data  using  a  variety  ot  mechanisms  for  parallelization 
on  message  passing  computers. 

6.  Conclusion  We  have  given  a  description  and  comparative  analysis  of  two  finite  element 
methods  for  discretizing  Maxwell's  equations.  Despite  the  superior  phase  accuracy  of  the  node 
based  scheme,  our  calculations  show  that  the  edge  based  finite  element  method  is  competative. 
For  this  reason  we  have  implemented  a  parallel  edge  based  finite  element  solver. 

It  wovid  be  desirable  to  investigate  further  the  source  of  error  in  the  node  based  solver  since 
if  this  source  oould  be  controlled  the  method  could  ofiTer  high  phase  accuracy  on  unstructured 
grids.  We  are  now  making  analytical  and  computational  investigations  on  this  point. 
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Abstract 

The  iaet  multlpole  method  (FMM)  ptorides  a  sparse  decomposi¬ 
tion  of  the  impedance  matrix  arisiiig  tan  a  discntization  of  an  inte¬ 
gral  equation  equivalent  to  the  wave  equation  with  radiatiOD  boimdaiy 
condition.  Mathematically,  the  sparse  factorization  is  made  pcesible 
by  a  diagonal  representation  of  translatico  operators  for  multlpole  ex- 
passioas.  Pbysi^y,  this  diagonal  repreeentation  ccnespooids  to  the 
complete  determination  of  fields  in  tte  source-bee  region  by  the  far 
fields  aloDe. 

Becanse  the  diagonal  form  of  the  tianslatim  operator  is  not  a  well 
behaved  functloa,  it  must  be  filtered  in  numerical  practice.  (This  does 
not  constitute  a  practical  limitation  to  the  accuracy  ot  the  results  ob¬ 
tained  with  the  method  because  of  the  superalgebraic  convergence  of 
the  multipole  expanskins.)  In  the  originally  published  version  of  the 
FMM,  the  filtering  was  accomplislied  by  s  simile  truncation  of  the 

'This  renerch  was  supported  by  the  Advanced  Itseeirdi  Projects  Afency  of  the  De¬ 
partment  of  Defense  and  was  monitored  by  the  Air  Force  Office  of  Sdentific  Kesesrdi 
under  Contricts  No.  F49e20-91-C-0064  and  F49620-S1-C-0084.  The  United  States  Cov- 
enunent  is  authorised  to  reproduce  und  distribute  reprints  for  fovenurwntai  purposes 
rotwittastanding  any  oopyrigbi  notation  hereron. 
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nniltipole  expamion  of  the  translation  operatt  r.  This  sharp  cutoff 
raaults  in  an  oscillatory  transfer  functico  that  non-ne^igible  over 
the  entire  unit  sphere  (i.e.,  in  all  far-Rcld  directions).  Physically,  the 
transfer  function  repnoeots  the  effect  a  bounded  source  has  on  a  well- 
aeparatad  ofaaervaticn  region,  expressed  in  terms  of  the  far  Reid  of  the 
aourca.  This  suggests  that  a  suiuble  transfer  function  might  be  non- 
negllglhle  only  in  the  direction  of  the  sepamticn  vector.  It  turns  out 
that  such  a  transfer  function  may  be  obtained  by  applying  a  smooth 
cutoff  to  the  mulUpolc  expansion.  Although  such  a  transfar  func¬ 
tion  raquiraa  the  tabulation  of  far  fields  in  a  denser  set  of  directions, 
the  overall  eosnputational  and  storage  requiietnents  for  a  single-stage 
FMM  are  reduced  to  from  0{N^^). 


1  Review  of  FMM 


The  fast  inultipale  method  (FMM)  for  the  wave  e<]ua-ion[l,  2|  gives  a  pre¬ 
scription  for  a  spane  deoompoention  of  the  (impedance)  matrix  obtained  by 
discretization  of  the  integral  loeinel 


G(x-x') 


4x  |x  -  x'l  ' 


(1) 


Mathematically,  thia  decomposition  ensues  from  the  diagonal  form  of  the 
tranalation  operator  in  the  far-field  representation[3j-  For  brevity,  this  sum¬ 
mary  relies  heavily  on  the  exposition  and  notation  of  [2]. 

Briefly,  the  FMM  works  hy  decomposing  the  interactions  into  near-field 
and  far-fidd  parts.  This  is  done  by  dividing  the  scatterer  into  groups  and 
dasalfing  each  pair  of  groups  as  near  nr  far.  The  matrix  representing  the  near- 
field  part  is  sparse  hy  virtue  of  locality.  The  far-fidd  part  may  be  factored 
by  using 

^X4d|  it  f 

_»-/d’ke*<‘r.(x.Y,A-A),  (2) 

where  the  T  is  the  diagonal  leprseotation  of  the  translation  operator: 

Ti(«,0059)  35  +  l)frl'>(«)P,(cDS»)  ,  (3) 

ImO 
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and  X  is  th«  distance  between  the  two  members  of  a  group  pair.  In  the 
previously  published  version  of  the  FMM,  the  sharp  cutoff  at  I  =  i  caused 
the  transfer  function  T  to  be  non-negligible  over  a  wide  range  of  angle.  As 
we  show  below,  examination  of  T  reveals  that  it  may  be  modified  so  that 
it  has  support  only  in  a  narrow  range  of  cos  9  near  1.  The  only  cost  of 
this  modification  is  a  denser  sampling  of  far-field  radiation  patterns  from  the 
groups. 


2  The  Translation  Operator 


The  transfer  function  Ti{k,  cos  $)  represents  the  interaction  between  bounded 
source  distributions  separated  by  distance  K/k  (where  k  is  the  free-space 
wavenumber)  and  6  is  the  an^e  between  the  displacement  vector  of  the  cen¬ 
ters  of  the  groups  and  a  direction  at  which  the  far-field  of  the  source  dis¬ 
tribution  is  computed.  Since  we  expect  the  fields  radiated  from  a  bounded 
region  to  a  well  separated  observation  region  to  be  given  only  in  terms  of 
the  far-field  in  directions  that  point  toward  the  observation  region,  we  mi^it 
expect  that  7c(/c,aosfi)  would  be  strongly  pealied  for  cas0  »  1.  Further¬ 
more,  since  convergence  of  the  multipole  expansions  requires  L  kD,  where 
;D  is  the  diameter  of  the  regions,  we  might  also  expect  that  the  peak  have 
a  width  S8  <x  L/k.  Numerical  examination  of  T  reveals  that  this  is  indeed 
the  case;  however,  there  are  rather  large  oscillatory  tails  outside  the  peak. 
In  Figure  I,  7io(30,cos9)  is  plotted.  This  is  the  transfer  function  that  one 
would  use  for  rather  small  (compared  to  a  wavelength)  groups  separated 
by  4.8  wavelengths.  The  cscUlatory  tails  are  reminiscent  of  leakage  in  power 
spectrum  estimation  using  the  FFT[4].  This  suggests  that  by  using  a  smooth 
Vindow  function”  to  compute  T  rather  than  a  sharp  cutoff,  that  leakage  to 
large  angles  may  be  reduced.  In  fad,  this  is  the  case;  even  a  simple-minded 
cosine  window  fundion,  giving 


7i(x,co8fi)- 

1  fr‘‘>(/c)«(cose) ,  (4) 

produces  the  localized  transfer  fundion  plotted  in  Figure  2.  Naturally,  be¬ 
cause  we  are  taking  more  terms  in  the  multipole  expansion  of  T,  we  must 


Ti(K,oose)+  £  t'(21  +  l) 


21 


Figure  2:  Real  and  imagiaary  parts  of  the  localiaed  transfer  function  T  of 
cos  ^  for  £  •  10,  K  at  30. 
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sample  the  far  fields  in  a  denser  set  of  directions  appropriate  to  a  quadrature 
rule  for  spherical  integrations  exact  for  a  larger  set  of  spherical  harmonics. 
The  trigonometric  window  function  :n  Eq.  (4)  Is  only  for  purposes  of  Illus¬ 
tration;  more  effidsit  adndowa  should  be  used  in  practice. 


3  Complexity  Reduction 

A  detailed  anilysis,  to  be  published  elsewbere,  reveals  that  the  window  func¬ 
tion  of  1  can  be  chosen  to  minimixe  the  support  in  solid  angle  of  T.  This 
analysis  oonfirms  the  intulUoo,  implied  above,  that  the  solid  angle  of  sup¬ 
port  of  the  resulting  transfer  function  is  about  ir{kDy/{<i^),  where  D  is 
the  diameter  of  the  groups.  In  the  O  EMM,  the  operation  count  of 

the  translation  operator  application  is  cx  KU^,  where  M  is  the  number  of 
groups  snd  A  is  the  number  of  fsr-iield  diiectiont  tabulated.  It  might  now 
seem  that  this  aomt  should  be  multiplied  by  a  Cacur  oc  {kD)*/{4K*)  or  1/Af , 
giving  a  total  count  oc  oc  N,  which  ia  independent  of  M.  Tlis 

is  incorrect,  however,  because  it  implies  Jiat  by  deoetsing  the  site  of  the 
groups  that  the  number  of  diicdions  at  which  the  far-field  it  used  can  be 
reduced  without  limit.  Actually,  linee  we  must  know  the  fai-field  of  each 
group  in  at  least  one  direction  for  each  other  group,  the  number  of  directions 
must  go  to  a  constant  for  very  small  groups.  The  total  operation  count  for 
application  of  the  ttantiation  operatois  it  thus  where  6  snd 

c  are  implementation  dependent  ccnstantt.  (Actually,  a  mere  careful  analysis 
gives  a  factor  of  In  M  in  the  6  term,  but  it  hu  no  effect  on  the  behavior  for 
large  N.)  Minimising  the  sum  of  this  srith  the  operation  count  for  the  other 
steps  in  the  FMM  (aAf^/M,  where  a  is  another  constant),  one  sees  that,  for 
large  proUeint,  b  is  inelevant,  and  the  total  operation  count  it  minimised  by 
chetosing 


so  that  the  total  operation  count  ia  O  For  smaller  problems,  where 

the  c  term  does  not  dominate,  the  operation  count  varies  rou^y  as  IV  In  IV. 
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Abstnet.  Nuiii«ne*l  compuHitiofi  oi  th«  field  ecaiicred  from  o  body  in  i*o  dimesuion*  due  to  an 
inridwrt  plniM  proMuio  pula*  i»  cotnidwH  In  paRtcuiar,  «•  •.-namtiie  the  pioeaaa  oi  inrerrins  the 
ftcattend  fMd  due  to  one  inddenc  pulse  given  the  scattered  field  due  to  another  incidcait  pul^e.  The 
objective  U  to  develop  an  ■idirect  method  that  avoids  the  potentially  expensive  direct  solution  o( 
the  problem.  Our  approach  is  based  on  a  formula  expressing  the  scattered  field  as  a  convoiutism  of 
a  Icemei  »ith  the  incident  pulse  profile.  The  most  straight  forward  generalization  of  this  formula  ro 
the  discrete  version  of  the  scatter  problem  used  in  nttmcncalrompuUJiionsdocs  not  allow  the  kernel 
to  be  taferred  from  a  single  numerical  exp^imecu — r.  difficulty  we  call  the  “multiwsource  problem'' . 
Preprocessing  the  inddeni  pulses  using  simple  interpoiatlori  formulas  overcomes  the  multi>sourc< 
problem  giving  an  excel  algorithm  for  computing  the  kernel.  Selection  of  a  sharp  iibddent  pulse 
(the  Kronecker  pnlm)  for  the  primary  numerical  experiment  assures  stability  of  this  algorithm  ar^d 
permits  extremely  accurate  prodiction  of  the  scattered  fields  for  secondary  incident  pukes. 

1.  Introduction 

In  a  recent  paper  [l]  we  presented  a  uumerical  al|;erithm  which  effidently  computes  the  $cat« 
tering  of  plane  incident  pulses  &om  &  compact,  impenetrable  target.  Assximing  only  that  the 
aumetical  scheme  used  to  solve  the  wave  equation  was  linear,  caxisai,  and  time  invariant,  we 
deduced  an  expression  for  the  scattered  field  at  a  point  as  a  mute  convolution  of  the  time 
dependent  boundary  dsta  and  the  scattering  kernel.  The  later  is  unknown  in  general  and  rep¬ 
resents  the  scattering  response  of  the  target  to  an  incident  plane  delta  function.  Out  algorithm 
is  essentially  a  constructive  way  of  approximating  this  kernel:  We  simply  run  one  aumerical 
erperixnent  and  record  the  response.  The  incident  wave  for  this  simulation  is  the  Kronecker 
pulse,  which  is  coly  nonzero  at  one  grid  point,  and  the  response  is  approximation  to  the 
kernel.  Wie  then  convolve  the  apuroxiniation  to  the  kernel  with  an  incident  pulse  to  determine 
th?  scattered  field. 

We  reterted  [1]  to  the  Kronecker  pulse  as  optima!  because  it  affords  xis  the  simplest  way  of 
approximating  the  scattering  kernel.  Here  we  consider  the  algorithm  &om  a  slightly  different 
point  of  view;  we  study  the  response  of  the  continuous  system,  A‘«,  to  this  incident  pulse  and 
estimate  its  deviation  from  the  scattering  kerttel.  Specifically,  we  study  the  difference  between 
the  field  produced  by  convolving  an  incident  pulse  with  Kt  and  the  exact  scattered  field. 

This  work  wm  supported  by  the  .<ir  Force  Office  of  Scientific  Research  under  Grmru  No.  AF05R  91*02S2  end 
by  the  Office  of  Nevel  Rcseerch  under  Grert  N000^4-92-J>1361. 
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II.  The  Scattering  Kernel  A'tx.t) 


For  the  sake  of  aunpHdty,  we  consider  only  two  dimensionai  scattering  problems  for  ch«.  wave 
equation  and  aaiume  that  the  target  i$  convex  and  sound  hard  (or  TM),  although  our  analysis 
can  be  be  generalized  in  the  obvious  manner.  We  therefore  corisider  the  following  scattering 
problem: 


(la) 


af^v  d‘v 


X  6  jD,  (  >  0 


(lb) 


V  “  -Umc(t  -  k,,<  •  X), 


X  €  5,  t  >  0 


(U) 


ti(x,0)»w,(x,0)-0 


«*bere  it  the  incident  pulse,  v  it  the  tcattered  ptiite.  D  U  the  seatterer  and  S  is  its  boundary*, 
and  lcin«  it  the  \uut  vector  in  the  direction  of  the  incadent  pulse.  The  scattered  held  v  is  also 
outgoing  at  oo.  The  quantities  in  (1)  are  dimensioaiess;  the  spatial  variables  have  been  scaled 
with  respect  to  a  characteristic  length.  L.  of  the  target,  the  time  with  respect  to  Lie  where  c 
is  the  speed  of  sound  (Light)  in  D.  and  v  and  u.nc  '^'ith  respect  to  the  maximum  of  the  incident 
pulse. 

Takmg  the  fourier  transform  of  (1).  denoting  transformed  quantities  with  hats.  *,  and  taking 
o;  to  be  the  transform  variable  we  obtain 


(2a) 

d^v  i.  *  T> 

(2b) 

V  =  -u,„(.j)«'‘“**'*.  X  €  5 

(2c) 

-  •  ^  es 

Vr  +  T  ^  0.  r  —  OO. 

2r 

The  solution  of  (2)  in  principle  is  given  by 

(3a) 

ii  =  -u,„t(«)A'(x,kj„c,w) 

(3b) 

K  =  J  C(x,x',u>)e^‘''*' 

where  G  is  the  greexu  function  and  ds'  is  the  differential  nrc  length  along  5. 

If  we  take  the  special  incident  field  Uint  »  S<t  —  kmc  -  x),  then  Vi„f  m  \  and  v  s  K  is  the 
fourier  transform  of  the  scattered  field  produced  an  incident  plane  delta  function.  Its  inverse 
transform  A'(x,t.kt«c)  is  the  scattering  kernel  of  the  target.  Applying  the  convolution  theorem 
to  (3)  we  obtoin 


(4) 


-L 


A\x.f,kmc)tii;,c(<  -  r)d7 


w'hich  shows  that  the  scattered  field  for  any  incident  pulse  can  be  detemuned  from  the  target's 
response  to  an  incident  delta  function.  Equation  (4)  is  the  continuous  version  of  our  discrete 
convolution  described  in  Reference  1. 
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in.  Th«  Approximate  Scattering;  Kernel  A'(x,t)< 
We  begin  by  defining  the  triangular  function  given  by 


(3a) 

U4(t)  =  0. 

(  <  -k 

(Sb) 

U((t)  =  {h+t)/h\ 

~h  <  t  <  0 

(5c) 

U4(<)  =  (A-t)/A>, 

0  <t  <  h 

(5d)  uj(f)  =  0.  t  >  —A 

where  h  is  a  small  positive  number.  The  function  defi  ed  in  (o)  is  proportional  to  the  linear 
inie  polation  of  the  Kronecker  function  that  we  used  iu  our  algorithm  [!'.  In  that  come^-t  h 
vna  the  mesh  size  and  our  interpolatior  was  h  times  bigger  than  u<. 

If  we  take  our  incident  pulse  to  be  u,„c  =  x)  and  denote  by  A'j  the  corresponding 

scattered  field,  then  it  follows  from  (4)  that 


(8) 


A‘j(x,  i) 


A-(x,t.  hiae)U4(t  —  T)dr. 


Since  u<  is  a  simple  approximation  to  a  delta  function,  it  seems  plausible  that  A'  ^  K>  *3  k  —  0. 
This  would  then  suggest  in  light  of  (4)  that  given  any  incident  pulse,  the  produced  scattered 
field  is  appioximately  given  by 


(7) 


J  — « 


K({X:  t.k,„c)Uj.<,«  -  T)dT. 


This  is  the  continuoiis  version  of  the  discrete  result  presented  in  Reference  1 , 

Denoting  by  E  the  difference  between  the  approximate  and  exact  scattered  fields  given  by 
(7)  and  (4),  respectively,  we  find  that 


(8a) 


-r)J{T)dT 


(5b) 


J  =  A-(t)  -  K,{r) 


where  the  dependence  of  the  functions  on  x  and  k.nc  has  been  omitted  for  noiational  conve¬ 
nience.  Thus,  the  error  depends  on  the  difference  function  J  which  according  to  (6)  becomes 


(9) 


Jir)^ 


K[p)ut{r  -  p)dp. 

J  —  OC 
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Since  us  approximates  the  delta  function,  it  is  clear  that  /  -*  0  as  ^  ^  0.  The  question  we 
must  tbe.'efore  address  is:  how  small  is  /  for  a  £xed  A? 

One  possible  way  of  addressing  this  question  goes  along  the  following  lines.  Using  the  defini¬ 
tion  of  jfC,  the  evenness  of  A*,  the  convolution  iheor«r..  and  ♦he  explicit  fourier  transidrm  of  Ui 
we  rewrite  (9)  as 


(10) 


nr) 


"ip- 


The  ability  of  the  function  ut  to  apprmdmate  the  delta  function  is  mirrored  in  this  fr^uency 
domain  result  by  the  bracketed  term  which  is  the  difference  between  their  fourier  transforms. 
And  if  A  is  small  enough,  thi*<  term  is  quite  small  for  a  large  range  of  w.  For  example,  if 
wA/2  <  r/10,  then  the  bracketed  term  is  <  O.OOS. 

In  our  numerical  algorithm  (I)  we  chose  A  small  enough  to  resolve  the  highest  frequency 
present  in  a  class  of  incideot  functions.  That  is.  A  ir/lOw/;  wheie  is  this  maximum 
frequency.  Using  this  ordering  and  the  observation  just  made  about  the  size  of  the  bracketed 
term,  we  deduce  the  estimate 


(11) 


Ar) 


an^((jh/2) 

(-A/2)2 


JACwOcoswi  cL\ 


AMuming  th»l  w.y  >>  1,  or  «.juiv»ler,tly  A  <<  1.  and  that  K  ~  w"  '■  /i'o.  we  integrate  (11)  by 
parts  to  obtain 

(12)  j .. 

* 

wL>sre  Ko  is  independent  of  u;  and  .V  is  a  positive  integer.  The  existence  of  A’o  and  A'  follow 
froor  greens  function  arguments  on  (he  hehrholtz  equation  and  boundarv'  conditions  satisfied 
b>*  K,  Finally  insertiag  (12)  into  (Sa)  we  obtain 

(13) 

which  shows  that  the  error  — •  0  as  A  — .  0. 

rV.  Numerical  Examples:  Time  Hsirnionic  Responses 

The  response  of  a  scatterer  to  a  time  harmonic  incident  pulse  has  played  a  major  role  in 
scattering  theory  for  practical  and  theoretical  reasons.  Many  numerical  methods  have  been 
devised  to  tackle  this  problem,  each  with  their  strengths  and  limitations.  A  technique  called 
the  Finite  Difference  Time  Domain  Method  (FDTD)  is  a  relatively  straightforward  and  robust 
wmy  of  computing  the  time  harmonic  scattering  response  of  a  target  j2-5|.  The  time  dependent 
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equations  with  a  time  periodic  mctdenr  w&ve  are  solved  using  an  explicit  finite  difference  scheme. 
According  to  the  limiting  amplitude  principle  (fij,  the  solution  of  the  time  dependent  problem 
will  approach  a  time  harmonic  state  as  long  as  no  trapped  modes  are  present  (and  this  is 
certainly  the  rase  for  compact  targets).  And  if  the  explicit  finite  difference  scheme  and  non* 
reflecting  boundary’  condition  are  careflilly  chosen  then  the  numerical  results  will  give  a  good 
approximation  to  the  time  harmonic  response.  The  rate  at  which  the  solution  evolves  into  the 
time  hanoonie  response  dep»ends  upon  the  target  shape  and  the  polarization  of  the  incident  wave. 
For  example,  it  was  observed  [4]  that  rate  for  sound  hard  (T£)  targets  is  smaller  than  the  rate 
for  a  soft  (TM)  target.  Moreover,  if  the  target  shape  encourages  local  energ>’  confinement  (e.g., 
a  Helmholtz  Resonator),  then  the  rate  can  also  be  quite  small  [5].  Thus,  the  FDTD  method  may 
become  prohibitively  time  consuming  if  the  target  is  complex  and  if  many  fiequency  responses 
are  required. 

The  method,  presented  in  [1]  and  embodied  in  the  discrete  version  of  (7),  may  give  a  more 
economical  approach  than  the  FDTD  for  complex  targets  where  the  frequency  response  is  re¬ 
quired  over  a  broad  spectrum,  0.  Our  algorithm  proceeds  as  follows.  We  first  use  a  finite 
difference  scheme  to  solve  (I)  for  the  incident  pulse  Uj.  The  temporal  time  step  h  is  chosen  to 
resolve  the  highest  frequenc>‘  present  in  D  and  the  spatial  step  size  is  chosen  to  satisft’  the  CFL 
condition  [7|.  If  the  differential  cross  sections  for  different  frequencies  in  D  are  reqxiired,  then 
we  save  the  response  Ke  on  a  large  circle  of  radius  H  enclosing  the  compact  target  5.  Next,  we 
choose  our  inddent  field  to  be  the  complex  stepped  sine  wave 

(14)  time  =  exp(-twc<)/f(0 

where  ff(t)  is  the  Heaviside  furction  and  wc  €  Then  we  convolve  this  function  with  Kt 
according  Co  the  discrete  version  of  (T):  the  imai^ary  part  of  v  will  be  the  approximate  response 
of  the  target  to  a  stepped  sine  wave  incident  pulse.  Finally,  we  compute  the  convolution  in  (T) 
until  v{x^i)  becomes  time  harmonic.  The  amplitude  of  v  is  the  differential  cross  section  of  the 
scatterer,  This  process  is  then  continued  for  those  frequencies  of  interest  in  the 

spectrum  U. 

To  illustrate  the  process  outlined  above,  we  determine  the  amplitude  of  the  surface  currents 
on  a  target  in  the  harmonic  steady  state  from  the  response  to  an  incident  Kronecker  pulse-  For 
simplidty  our  target  is  a  circle  of  normalized  radius  one.  We  consider  several  wave  numbers 
k  s  6,8,10  to  illustrate  that  the  harmonic  response  for  many  frequencies  can  be  obtained 
from  a  single  computation  of  the  response  to  a  Kronecker  pmse.  The  amplitude  oi  the  surface 
currents  is  shown  for  the  three  wave  numbers  in  Figure  1.  The  response  to  the  Kronecker  pulse 
is  computed  using  the  standard  explidt  centered  difference  method  in  polar  coordinates  with 
s  0.026,  At  a  0.0026,  a  2x/l28  0.0491,  2000  time  steps  and  an  absorbing  boundary 

at  r  =  20. 

Because  the  •uiface  currents  are  obtained  by  e^'aluating  the  convolution  in  our  method  at 
a  single  large  time  and  because  computing  the  convolution  involves  only  data  on  the  surface 
of  the  target  (rather  than  the  fields  throughout  the  computational  domain)  the  computational 
effort  required  to  obtain  the  surface  currents  from  the  Kronecker  scattering  results  is  many 
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orders  of  magnitude  less  than  the  time  needed  to  fmd  the  harmonic  response  directly  with 
FDTD.  Obtainmg  the  scatteriag  results  for  the  Kronecker  pulse  is  relatively  expensive,  but 
the  computational  cost  is  essentially  equal  to  that  of  obtaining  the  harmonic  response  directly 
with  FDTD  for  a  sxnglt  frequency.  Thus,  our  approach  gives  the  harmonic  response  for  a 
range  of  frequencies  for  essentially  the  same  cost  as  determining  the  harmonic  response  for 
one  frequency  using  FDTD  directly.  The  surface  currents  shown  in  Figure  I  contain  small  but 
noticeable  errors.  But  these  errors  are  no  larger  than  then  the  errors  suffered  if  FDTD  is  used 
directly.  In  fact,  to  machine  accuracy  the  errors  are  the  same.  That  is.  our  method  predicts 
the  surfaces  currents  given  by  the  FDTD  method  exactly  including  any  error  inherent  in  the 
method. 
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1  Introduction 

The  computation  of  high  frequency  ciectromagneiic  w&vcs  is  of  paramount  importance  for  calcula¬ 
tion  of  reflection  of  radar  waves  from  objects  and  radar  radiation  patterns.  The  direct  calculation 
of  the  high  frequency  v.aves  is  not  practical  since  the  wavelength  of  the  radiation  is  usually  quite 
small  compared  to  the  site  of  the  ohysica!  objects  of  interest.  Therefore  approximate  methods 
have  been  extensively  used  for  this  type  of  calculations.  On?  of  the  more  successful  ^approximate 
method  is  the  generalized  theory  of  diffraction.  This  method  relies  on  a  high  frequency  asymp¬ 
totic  expansion  of  the  wave  equation  and  considers  special  diffracted  waves  from  the  singularities 
present  in  the  media  and  the  shape  of  the  reflecting  objects.  We  shall  refer  to  these  singularities 
that  are  surfaces,  lines,  or  points  as  branch  manifolds-  Recently  we  have  developed  numerical 
methods  for  solving  the  partial  differential  equations  obtained  by  considering  the  high  frequency 
asymptotic  expansion  of  the  scalar  wave  equation.  We  expect  these  to  replace  ray-tracing  meth¬ 
ods  for  many  high  frequency  calculations  and  they  are  applicable  directly  for  the  calculation  of 
electromsgnetic  waves. 

Maxwell’s  equations  for  the  electric  and  magnetic  felds  in  an  isotropic  homogeneous  material 
can  be  written  as: 


(<F),  =  cVxH  —  4ttJ 

(1) 

=  Vx£ 

(2) 

V  (eE)  s  4irp 

(3) 

v-(m//)  =  o 

(4) 
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where  E  is  the  electric  iield.  H  is  the  magnetic  field,  J  is  the  current,  p  is  the  charge  density,  c  is 
the  speed  of  light  in  the  mediuni,  and  p.  and  <  are  res^-'ictivcly  electric  permictiviiy  and  magneric 
pc'/neability.  For  electromagnetic  waves  the  et|uations  cao  be  written  as: 

B„  =  -V^E  (5) 

A'„  =  --V’/f  [6J 

<>* 

These  are,  of  course,  wave  equations  for  the  E  and  H  vectors. 

Special  time  harmonic  high  frequency  solutions  of  the  Maxwell’s  equations  can  be  obtained  bv 
arsuming  solutions  of  the;  form. 


E  =  55 


where  ^  Tunction  is  the  phase  of  the  wave,  and  k  is  the  frequency  of  the  wave.  These  sol  \*i  .. 
correspond  to  a  high  frequency  plane  wave  and  are  of  important  practical  significance.  0  ? 
show  that  the  phase  satisfies  an  eikonal  equation  |S], 


(V®)’ 


ill 

c^(x> 
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Th««ikoa&l  equation  is  a  first  order  nonlinear  TDE,  a  Hamilton  Jacobi  type  e  quation.  The  eikonal 
equation  can  be  considered  as  the  Hamiltoo-Jaeobi  equation  for  the  variational  problem  based  on 
Fermat's  principle  (3]  The  usual  practice  has  been  to  solve  the  eikonal  equation  by  ray-tracing 
methods.  Ray-tracing  in  this  context  is  nothing  but  solving  the  eikonal  equation  using  the  method 
of  characteristics  for  PDE's.  Our  approach  relies  on  a  direct  discretization  of  the  eikonal  equation 
using  the  recently  developed  numerical  me* hods  for  Hamilton-Jacobi  equations  [1]. 


2  Asymptotic  expansion  for  the  scalatr  wave  equation 

To  develop  the  numeric^!  msthods  we  have  started  from  the  scalar  wave  equation  in  two  dimsD* 
sional  space.  The  numerical  methods  developed  fix’  this  problem  are  applicable  to  the  Maxwell's 
equations. 

u„  =  c*Au  =  c*(i.ir)(u„H-w„)  (8) 

X  and  y  are  the  spatial  variables,  t  is  time,  u  is  the  ampbtude  of  the  wave,  and  c(x,j/}  is  the 
speed  of  the  wave  in  the  medium.  High  frequency  solutions  of  the  scalar  wave  equation  can  be 
approximated  by  an  asymptotic  expansion  as  introduced  by  Luneburg,  Kline,  and  Keller  [9j.  (lO). 
|J  1).  The  asymptotic  expansion  to  the  wave  e<jv  ation  is  obtained  by  expanding  the  solution  ia 
powers  of  in  an  infinite  series.  The  expansion  is  substituted  in  the  wave  equation  and  the 
sequence  of  the  coefficients  of  w”**  are  collected  and  set  to  tero.  This  procedure  produces  an  infinite 
system  of  nonlinear  partial  differential  equations,  that,  together  with  the  boundary  conditions, 
determine  the  expansion.  The  first  term  and  the  most  important  term  of  the  expansion  is  the 
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eikonal  «qua»tion  of  g«ometncAl  optics  for  the  phMe  of  the  W4v^.  The  remaining  equations  are 
lineax  hyperbolic  transport  equations  for  amplitude  functions. 

Here  we  briefly  repeat  the  standard  derivation  of  the  asymptotic  expansion.  The  solution  to 
the  wave  equation  is  expanded  in  inverse  powers  of  u  in  the  following  form, 

^  v,(i,y,0(>w)-'',  (9) 


where  u  is  a  complex  sojution  of  the  wave  equation,  is  the  phase  of  the  wave,  and 

ue  real  fun-ctions  of  time  and  space.  By  substituting  the  above  expansion  in  the  scalar  wave 
equation  and  equating  the  coefficients  of  different  powers  of  u>,  the  partial  differential  equations 
for  the  evolution  of  are  derived.  Terms  of  order  (itv)^  are  collected  and  the  result  is 

the  eikonal  equation. 

OfUfl  =  c^(®2  + 

In  general  i»o  is  not  zero  and  we  take  the  square  root  of  vhe  equation.  Here  we  choose  the  positive 
root. 

i,  =  +c(*,y)|V^! 

Terms  of  order  (iui)  rerult  in  the  etiu.ttion  for  evolution  of  v^. 

2»<Vo.,  +  *,tVo  =  e’(2Vd,Vvg  +  Aovg) 

By  collecting  terms  of  order  (tui)-"  we  get: 

+  *««,+!  +  Vi.  =  e^(2V«  .  S7v„,  +  +  At,) 

One  can  solve  for  d,  ud  end  get  u  infinite  system  for  evolution  of  the  expension  coefficients. 


=c|Vd|  (10) 

„  (.-ii,  +  c^A®)vq 

2|Vo|  2|Vd| 

The  above  system  with  the  appropriate  boundary  conditions  define  the  expansion. 

It  is  possible  to  write  the  equations  for  evolution  of  v„  in  cooservative  f'>rm  by  changing  the 
variables  We  define  the  new  variables  as  w,,.  =  and  we  write  the  transport  equations  in  their 
conservative  form. 

Of  =ciV^|  (13) 

V® 

U^o.*  =  V  ■  (cuJoj^)  (U) 


U>n+l.t 
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Th*  above  formulation  of  the  equations  seems  to  be  natural,  based  on  our  experience  with  con¬ 
servation  taws. 

The  eikonal  equation  for  the  phase  is  a  Hamilton-Jacobi  type  equation.  The  equations  for 
the  variables  form  a  hyperbolic  system.  The  system  is  essentially  decoupled,  since  it  can  be 
truncated  at  any  level.  The  first  equation,  the  eikonal  equation,  can  be  solved  independent  of 
the  others.  After  we  compute  it,  we  use  it  to  solve  for  u^.  Similarly  is  solved  using  the  6 
and  u;„.|  The  eqnation  for  has  a  forcing  tenn  (An.  which  has  to  be  calculated  from 

the  previous  term,  If  the  previous  tens  is  not  twice  differentiable  in  space  and  time, 
the  forcing  term  is  ambiguous.  From  a  numerical  point  of  view,  even  for  smooth  solutions,  it 
is  important  to  calculate  the  forcing  term  correctly,  otherwise  error  would  spread  out  to  higher 
order  terms.  The  ambiguity  in  the  forcing  terms  could  be  I'esolved  by  specifying  jump  conditions 
along  discontiouities  of  The  proper  conditions  depend  on  physical  considerations  as  well 
as  mathematical  arguments  and  we  plan  to  determine  them  for  important  physical  applications- 
Continuity  of  the  phase  across  branch  surfaces  supplies  us  with  the  necessary  boundary  conditions 
for  multivalued  solutions  of  the  phase.  The  situation  is  more  complicated  for  the  computation  of 
i\.  For  example  the  amount  of  reflected  energy  from  a  reflecting  surface  depends  on  the  physical 
characteristics  of  the  surface.  The  situation  is  more  complex  for  other  kinds  of  branch  manifolds 
such  as  corners  and  jumps  in  higher  order  derivatives.  This  question  of  the  proper  boundary 
conditions  needs  to  be  solved  for  a  variety  of  important  cases,  including  discontinuities  in  the 
index  of  refraction  and  singularities  in  the  shape  of  objects. 


3  Numerical  algorithm 

The  traditional  way  of  solving  the  eikonal  equation  is  by  the  method  of  characteristics,  which,  in 
this  context  is  calM  ray  tracing  [13].  We  i^ply  the  modem  high  resolution  algorithms  to  directly 
compute  the  eikonal  equation  and  the  other  equations  defining  the  terms  in  the  expansion.  These 
modern  techniques  allow  for  accurate  representation  of  singularities,  which  is  essential  in  this 
application.  The  standard  viscosity  solution  oi  the  eikonal  equation,  |I2{,  Is  not  enough  and 
an  hierarchy  of  oumerica]  solutimis  has  to  be  generated.  These  new  functions  represent  the 
multivalued  character  of  the  solution  and  are  based  on  singularity  detection. 

Our  numerical  algorithm  was  dev^^ed  based  on  the  recently  devised  numerical  methods  for 
hamiltOD'Jacobi  type  equations  and  high  order  accurate,  nouoscillatory  methods  for  hyperbolic 
equations.  We  have  developed  numerical  algorithms  to  solve  the  equations  both  in  conservative 
and  ttonconservative  variables.  We  have  abandoned  non^ conservative  variables  in  favor  of  con* 
servalive  variables.  From  a  numerical  and  also  theoretical  point  of  view  it  is  the  natural  way  of 
writing  the  equations.  We  have  only  considered  the  first  three  equations  of  the  infinite  system  for 
0,  u»oi  and  u;^,  but  the  methods  are  easily  applicable  to  an  arbitrary  number  of  terms.  After  the 
third  equation  the  equations  are  exactly  the  same,  so  even  the  same  subroutine  could  be  used  to 
solve  them.  The  equations  to  be  discretized  are, 

o,^c\V4>\  (17) 
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U-J,,  V-(ai;ij^)  +  {Auf,  -  '19) 

Vq  *  CyfxitjTt  “  Cyjwxl4>t 

W*  use  third  order  £N0  ibterpol&tioQ  «Ad  4  Godunov  type  Duiuehc4l  H4miltoiu4n  to  solve  the 
eikoniJ  equation  [Ij.  For  solving  the  transport  equ4ticns  4  first  order  upwind  scheme  is  used,  lu 
principle,  various  sophisticated  schemes  developed  for  nonlinear  cooservatiou  laws  could  be  used 
10  solve  the  transport  equations.  At  this  stage  a  first  order  scheme  was  sufficient. 


4  Numerical  examples 


The  refiectioo  of  high  frequency  waves  from  solid  objects  is  an  important  problem. In  the  first 
example  we  consider  the  reflection  of  a  source  off  a  sphere.  We  only  have  calculated  the  phase 
here,  but  the  full  solution  of  this  problem  will  be  an  essential  part  of  our  future  work.  An 
important  problem  for  calculation  of  phase  is  computing  multi>vaJued  solutions  to  the  eikonal 
equation.  Usually  the  multi>valiued  nature  of  the  solution  is  known  a  pnon,  such  as  in  case  of 
reflection  and  branch  manifolds  due  to  singularities  in  the  index  of  refraction.  Nevertheless  there 
are  branch  manifolds  that  are  not  known  0  prion,  such  as  the  second  example  that  we  have 
considered  here.  Only  after  the  solution  to  the  eikonal  equation  is  computed  branch  manifolds 
are  found.  Wo  have  designed  a  numerical  procedure  to  do  that  automatically.  The  last  example 
corresponds  to  propagation  of  a  planar  wave  through  a  noD'uniform  media,  in  particular,  a  lens. 

We  consider  the  reflection  of  an  incident  wave  off  a  sphere.  This  problem  has  all  the  features 
of  reflection  of  high  frequency  waves  off  a  convex  object  in  a  uniform  medium-  We  consider  a 
sphere  of  radius  one  at  the  origin.  The  ^urce  oi  the  wave  is  at  point  (0, 0, 2).  We  use  spherical 
coordinates  and  exploit  the  symmetry  of  the  problem  'mder  rotation  around  the  z  axis.  The 
eikonai  equation  in  (r,  space  is  written  as 


(20) 


We  solve  an  eikonal  equation  fo.r  the  incident  problem  and  an  eikonal  equation  for  the  reflected 
problem.  The  two  equations  €<Hipled  only  at  the  surface  of  reflection  through  the  boundary 
conditions.  The  physical  problem  is  posed  in  all  of  B?  but  our  computational  domain  is  [1,3]  x 
[-'X,  rj.  The  computed  solution  is  shown  in  figure  1.  The  viscosity  solution  of  the  eikonal  equation 
calculates  the  incident  and  the  reflected  waves  accurately,  also  it  produces  the  phase  in  the  shadow 
region  of  the  sphere. 

In  a  nonuniform  media,  the  solution  of  the  eikonal  equation  in  general  develops  singularities. 
These  singularities  are  generated  when  two  wave  fronts  approach  each  other.  The  solution  of 
the  eikonal  equation  in  that  case  becomes  multivalued.  But  the  viscosity  solution  of  the  eikonal 
equation  only  chooses  one  branch  of  the  solution  (conjectured  to  be  the  first  wave  that  reaches 
that  point).  A  numerical  procedure  was  devised  to  recover  the  mulli-valued  solutions.  When  a 
solution  becomes  multivalued  a  discontinuity  in  the  giadient  of  the  phase  appears.  We  detect  tbi*^ 
aiscontinuity  and  use  the  phase  at  that  point  as  boundary  conditions  for  creating  the  next  sheet 


36 


ot  the  solution.  Using  the  terminolog}'  from  complex  Analysis,  the  discontinuities  in  the  gradient 
of  the  phase  are  branch  cuts.  The  other  branch  cuts  are  the  tin|;ularities  m  the  index  of  refraction 
and  the  shape  of  the  boundao'.  In  hgure  two  we  show  a  generic  situation  where  two  sources  are 
present  ano  the  solution  is  double*va]ued  *flei  the  two  waves  reach  other.  We  have  superimpoeed 
the  two  solutions  on  top  of  each  other. 

In  the  next  example  we  show  the  computed  pbue  end  amplitude  for  a  convex  lens  (hgure  3). 
The  leas  is  implemented  by  taking  a  smooth  change  of  index  of  refraction  m  the  middle  of  the 
computational  domain.  The  bending  of  the  incident  planar  wave  creates  a  shock  starting  from 
the  focal  point.  The  amplitude  of  the  wave  is  calculated.  The  amplitude  has  a  singularity  oi^ 
the  shock,  since  it  has  to  be  connected  to  the  second  sheet  of  the  solution(Dot  done  here).  The 
proper  boundary  conditions  for  the  amplitude  coefficients  is  an  important  question  that  needs  to 
be  investigated  for  these  applications. 


5  Additional  Proposed  Effort 

We  first  pl»n  to  compute  problems  for  which  the  index  of  r«fr«tion  has  a  known  spatiai  disconti¬ 
nuity.  This  is  fairly  routine  and  amounts  to  solving  an  initial-boundary  problem  for  a  Hamilton- 
Jacobi  equation. 

Next,  we  plan  to  Investigate  appropriate  boundary  conditions  at  corners  for  the  eikonai  equa¬ 
tion.  This  is  well  studied.  We  anticipate  no  diSculties  with  the  numerical  iroplen>ent.atiDn. 

An  additional  speculative  idea  involves  '‘captunng’'  multivalued  solutions  to  Hamilton-Jacobi 
equations  directly.  This  has  been  done  in  one  space  dimension  (for  conservation  laws,  but  there 
IS  an  equivalence  here)  by  Professor  Yann  Brenier  116].  He  uses  moments  of  the  classical  Vlasov 
equation  in  .to  original  and  ingenious  fashion  to  arrive  at  a  system  o'  conservation  laws  which 
give  the  different  branches  of  the  multivalued  solution.  An  extensioo  to  multidimensioos  seems 
difficult,  but  will  be  investigated.  This  would  automate  the  code  and  remove  the  shock  detection 
step,  if  successful. 

Another,  simpler  idea  is  to  use  polar  coordinates  in  some  problems  and  just  to  allow  the  f 
dependency  to  be  nonperiodic.  This  is  very  promising  and  will  be  explored. 

After  the  direct  algorithm  matures  we  expect  to  use  it  as  a  tool  (or  solving  the  inverse  prob¬ 
lem,  i.e.  finrhog  the  index  of  refraction  given  a  certain  number  of  measurements.  Opimixation 
techniques  e.g.  those  described  in  (Uj.  |IS]  can  be  modified  an<J  adapted  using  our  fast  direct 
solvers. 

Finally,  we  expect  to  extend  these  results  to  a  full  Maxwell's  equation  situation  Numerical 
techniques  borrowed  from  the  conservation  law  community  such  as  space  marching,  the  use  of 
body  fitted  coordinates  and  artificial  compression  shall  be  incorporated  in  the  resulting  package 
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1  Introduction 

In  eieetroma^etics  the  geometric  optics  (GO)  approximation  it  used  to  describe  offset  single  and  dual 
reflector  antennas  when  it  is  required  to  control  the  energy  pattern  and/or  phase  on  the  output  aperture 
and  at  the  same  time  mioimize  energy  losses  due  to  tpillovrrs,  blockage,  etc.  |1).  Similarly,  in  optics,  GO 
is  used  to  describe  systems  with  one.  two,  or  more  specular  reffe:tors  that  are  required  to  transform  an 
input  Gaussian  laser  beam  into  a  unifom  output  irradiance  front  and  at  the  same  time  optimize  certain 
design  parameters  (2]. 

The  differential  form  of  the  energy*  conservation  law  for  such  systems  leads  to  an  oquntion  for  the 
Jacobian  determinant  of  the  map  derived  by  ray  tracing  the  energy  wavefront.  If  a  quasi- potential  can  be 
associated  with  this  map  then  one  usually  arrives  at  an  eqnatioD  of  Monge- Ampere  type  that  this  quasi- 
potentia^  must  satisfy  (cf.  (3|,  [d],  [5]).  The  same  type  of  equation  arises  in  a  number  of  other  applications; 
for  example.  In  inverse  diffraction,  nondestructive  evilntion.  allocation  of  resources  [Gj-  During  the  last 
15  years  there  has  been  a  surge  in  mathematical  studies  regarding  theoretical  solvability  of  equMuions 
of  Monge- Amp^  type  and  their  generulisarioos-  Still,  the  theory  is  far  from  being  complete. 

The  purpose  of  this  note  is  to  report  several  results  on  synthesis  of  dual  reflector  systems.  We  discuss 
here  only  specular  reflector  systems  with  two  reflectors  and  energy  source  which  is  a  collimator.  For  such 
systems  we  present  here  a  second  order  partial  differentiU  equation  of  Monge- Ampere  type  expressing  the 
ray  tracing  map  and  the  energy  conservation  law.  Rigorous  results  concerning  existence  and  uniqu'^ness 
of  solutions  to  the  resulting  problem  areestaMished.  A  detailed  exposition  of  these  results  is  beyond  the 
scope  of  this  paper  and  will  appear  elsewhere. 

The  numerical  solution  of  the  resulting  equation  and  the  generation  of  the  surface  points  of  the  two 
reflectors  is  done  with  a  specially  developed  software  package  REFSYS.  The  algorithms  are  based  on  our 
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varlier  pikp«r  [7],  though  tubctantiaJ  modific&tiont  w«rc  required.  Using  REFSYS  we  can  synthesize  a 
system  with  two  reflectors  which  redirects  and  reshapes  a  plane  w^ve  front  and,  at  the  same  time,  the 
system  transforms  the  energy  pattern  of  the  input  beam  into  a  uniform  (or  any  other,  desired)  energy 
distribution  pattern  across  the  front  of  the  output  beam.  For  example,  our  technique  allows  to  design 
a  two-reflector  system  which  will  transform  as  arbitrary  elliptic  input  beam  into  an  output  beam  with 
prespecjfled  elliptical  (rectangular,  or  gentle  polygonal)  shape.  Blockage  is  completely  avoided.  The 
resulting  reflectors  are  aipherical  but  convex.  whic.b  is  a  substantial  Improvement  over  an  earlier  design 
of  Malyak  [3].  In  general,  the  reflector  surfaces  are  not  radially  syronietric.  VVe  illustrate  the  technique 
by  presenting  designs  of  two  dual  reflector  systems  convening  a  circular  Gaussian  beam  into  uniform 
circular  and  elliptic  beams. 

As  it  was  airevly  mentioned,  Monge-Ampi^re  equations  arise  in  a  variety  of  other  physical  problems, 
and  we  expect  that  our  technique  will  apply  to  such  problems.  Inquiries  regarding  concrete  applications 
are  welcome. 

2  The  synthesis  equations 

2.1.  The  coniigurAtion  of  the  system  is  shown  schematically  on  Fig.l.  We  denote  by  o  the  plane  c  =  0 
and  by  A  the  cross  section  of  the  incoming  beam  I  by  that  plane.  In  order  to  emphasize  that  the  shape 
of  the  incoming  bean  is  not  required  to  be  circular,  on  the  figure,  we  draw  as  an  ellipse.  In  general, 
it  is  allowe  to  be  any  bounded  convex  domain.  It  is  assumed  that  the  rays  of  the  incoming  beam  I 
form  a  plane  wavefront  propagating  in  the  poaitive  direction  k  of  the  r  axis.  The  input  radiation  pattern 
is  given  as  a  nonnegative  function  /(i,  p),(i,y)  €  fi.  The  desired  characteristics  of  the  system  are  as 

S  -  input  beam 


C  -  second  nuiror  T  -  output  beam 


I - d  - 1 

Figure  1: 

follows. 

The  output  wavefront  III  is  required  to  form  a  plane  wave  propagating  iu  the  same  direction  k  as 
the  incoming  beam. 


•  The  geometric  ahepe  «iid  poaition  of  the  output  beus  we  specified  by  prescribing  in  advince  the 
cross  section  of  the  output  btvn  by  4  given  plane  z  s  d.  We  denote  this  cross  section  by  T.  Again, 
on  the  figure^  7*  is  drawn  as  an  ^pse.  but  it  can  be  any  bounded  convex  domain. 

•  The  output  radiation  pattern  is  a  prespecified  in  advance  function  L(p>q).  where  {p.q,d)  <=  t 

•  Our  dm  is  <0  determine  the  surfaces  F  and  G  which  will  transform  the  plane  wave  I  with  intensity 
/(z,  y)  into  a  plane  wave  HI  trrtidtnltn;  ot  T  with  mtensity  L(p,q). 

Two  basic  physical  principles  are  used  here  in  deriving  the  analytic  formulation  of  the  problem.  The 
first  one  is  the  SnelJ  law  of  reflectionf  leading  to  the  ray  tracing  e<)uatlont,  and  the  second  one  is  the 
energy  conservation  law  for  the  energy  flux  along  differential  tubes  of  rays.  The  resulting  equation  is 
a  differential  equation  of  Monge* Ampere  type  for  a  scalar  function  (quasi*  potential)  r  representing  the 
reflector  F .  The  second  surface  G  is  determined  in  terms  of  this  function,  its  first  derivatives,  and  other 
da^a  in  the  problem. 

Below,  we  review  some  of  the  steps  involved  in  deriving  the  required  equation.  More  details  can  be 
found  in  (8).  We  begin  by  tracing  a  typical  ray  through  the  system.  Such  a  ray  is  “marked’*  by  a  point 
(z.y)  6  1).  It  propagates  in  the  direction  of  the  unit  vector  k  =  (0,0. 1).  strikes  the  first  reflector  F. 
reflects  off  f*  in  the  dirwtion  of  the  unit  vector  lyfz,  p),  strikes  the  second  reflector  G,  and  reflects  off  it. 
again,  in  the  direction  k.  The  reflector  F  we  describe  by  a  function  *(z,  y),  (i.  y)  €  In  vector  form  F 
is  ^ven  by  the  vector  function  r(x,y)  *  (*iy.*(x,p)),(x,y)  €  ft.  Denote  bv  n  the  unit  normal  vector 
on  F.  Put  r,  ^  =  |£.  Then 


'‘'Tirft'  (1) 

The  unit  vector  1^1,  y)  in  the  direction  of  the  ray  reflected  off  F  can  be  found  by  applying  Snell’s  law. 

i7  =  *-2(**n)n.  (2) 

Denote  by  t(i,y)  the  distance  from  reflector  F  to  reflector  G  along  the  ray  reflected  in  the  direction 
^(i,  y)  and  let  s(z,  y)  be  the  distance  from  G  io  T*  along  the  corresponding  ray  reflected  off  C  The  total 
optical  path  length  (OPL)  corresponding  to  the  ray  associated  with  the  point  (r,y)  is  denoted  by  /(r,y) 
and  it  is  ^ven  by 

((*iy)  =  *(*,y)+ f(*»y)  +  s(x,y).  (3) 

Because  /(x,y]  is  the  distance  between  input  and  output  fronts,  we  have  (see  |9j); 

f(i»y)  =  f  «  cons*.  (4) 

It  is  convenient  to  introduce  vector  notation  for  the  surface  G  and  the  output  front  T.  Respectively, 
we  put 

G:  R(x.y)  =  r(i.y)+ f(i,y)q(i,y).  (i,y)€ft.  (5) 

V(x,y)=:  R)x.y)  + s(x,y)i.  (i,y)eft.  (6) 

Thus,  a  point  (p.q.d)  €  ?"  Is  the  Im^e  of  some  (i,yl  €  ft  under  the  ray  tracing  map  V,  that  is, 

(p»9*d)=r  V(z,y).  (x,y)eft.  (7) 
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Nextt  w«  reUte  the  ra.diAtio&  pattern  /(r,y)  of  the  input  beam  to  the  output  radiation  pattern 
l(V(x^  y])  on  r.  Thu  relation  is  baaed  oi'.  the  enerry^  conservation  law  for  the  cnerg>'  Aow  along  diffor- 
enttal  cubes  of  rays.  Denote  by  dxdy  the  area  element  in  D  and  by  dpdq  the  area  element  in  T.  Since  T 
is  supposed  to  he  the  image  of  f)  andcr  the  ray  tracing  mao  V,  we  have  the  relation 

dpdv=)/fV)|didy. 

where  J  is  the  Jacobian  determinant  the  map  V.  We  assign  a  ±  sign  to  the  Jacobian  according  to 
whether  V  preserves  the  orientation  of  D  or  reverses  it. 

According  to  the  differeatiai  form  of  the  energy  conservation  law  (9|,  p.  115, 

X.(V(x,v))J(V(i,y))==  ±/{i,y).  (8) 

It  follows  from  (8)  chat  the  total  energy  conservation  equation  is  given  by 

/  I(V(x,y)MVU,y))|dzdy=  /  /(x.y)dxdy.  (9) 

Ja  /n 

Using  representatioRs  (!>}  and  ($)  it  is  possible  to  find  an  explicit  expression  for  (8j.  For  that  we  need 
an  explicit  expression  fo.'  the  J(V)  in  terms  of  the  iunction  x(z,y}.  Such  an  expression  is  found  in  [8] 
in  a  more  general  setting.  To  present  it  here  we  need  a  few  more  noution.  Because  the  output  front  is 
a  plane  wave  in  the  direction  k,  the  vector  function  V  can  be  written  as 

V(x,y)=  V«(i,y)  +  dJb.  (10) 

where  V®  denotes  the  projection  of  the  i»ector  V  on  the  plane  o.  Clearly,  J(V}  s  J(Va}  and  in  order 
to  find  J(V)  it  suffices  to  compute  AV*). 

The  position  vector  of  the  surface  F  is  given  by  r(x,  y)  =:  (z,  y,  0}  +  x(z,  y)^.  Hence,  it  follows  from 
(6}  that 

V(i.y)a  (s,y,0)  +  (r(z,y)  +  a(z,y))W  t(z,y)tHz,yl.  fll) 

Then  (10)  and  (U)  imply  that 

V«{i,y)  =  (z,y)+  f(z,y)9*,{z,y),  (12) 

where  no(**y)  denotes  the  projection  of  the  vector  ^z,y)  on  the  plane  a. 

It  is  shown  ic  (8j  that 

+  (13) 

where  we  put  p  «  /  d.  Using  formulas  (1)  aad  (2).  we  get 

«/L  -x  2Dc 

Substituting  this  erpression  un<l  (13)  into  (12)  and  recalling  (7;.  we  obtaii 

(p,?)  =  V|,(i,y)  =  (i,y)-^/7z(*,  jr),  (l,y)€(i.  (14) 


It  follows  now  from  (14)  that 


y(V,)  =  del 


l'  1  +  parr  pa„ 

1  +  pi„ 


) 


(15) 
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where  ud  Mnulirly  Xry  »nii 

lAking  into  account  HO),  (14),  and  suppressing  the  indication  of  dependence  on  the  constant  d  in 
the  function  L,  we  have 

£.(V)  =  lix  +  /lit.y  +  ttzy). 

Thus,  the  m;^jn  equation  (8)  assumes  the  following  form: 

Denote  by  Ta  the  projection  of  the  r^ion  T  on  the  plane  o.  Formula  (14)  shows  that  is  a  map  from 
onto  'f«  and  the  Jacobi&n  determinant  of  this  map  is  the  same  as  that  of  map  V. 

2.2.  We  perform  now  a  transformation  simplifying  the  equation  (16).  Introduce  a  new  unknown 
function  v(z,y)  by  setting 


/ii(i,y)  =  ufx^y)-  i(i^  +  y^)  +  ai  +  6i  -p  c,  (17) 

where  a,  6,  c  are  constants  to  be  described  in  a  moment.  Then,  in  terms  of  function  u(z.  y).  the  map  (14) 
assumes  the  form 

Va(x,y)  =  (tt,(x,y)  +  a.is(*,y)  +  6) :  fl  —  T*®,  [18) 

where  Ux  *  and  u,  a.  Substituting  (17)  into  (16),  we  obtain 

+  a.tt,  +  h)(u»rtt,y  -  ti^)  =  ±/  in  0,  (19) 

where  a  and  similariy  for  Ugy  and  u,^. 

Formula  (18)  shows  that  we  can  choose  the  constaats  a  and  6  so  that  the  map  Dm  s  (Uf.  Uy)  maps 
^  into  some  translate  Tj  of  Tq.  It  is  convenient  to  choose  these  constants  in  foch  a  way  that  the  origin 
0  of  the  coordinate  system  on  a  is  an  interior  point  of 

Obviously,  the  choice  of  the  constant  e  in  (17)  affects  neither  the  map  (18)  nor  the  equation  (19). 
That  means  that  any  function  u  satisfying  (18)  and  (19)  is  defined  only  v’p  to  a  constant. 

2.3.  The  analytic  formulation  of  the  problem  stated  in  2.1  is  now  complete.  We  summarize  it  here. 

«  For  the  given  convex  domain  T  determine  the  constants  a,b  so  that  7$  is  a  translate  of  T  with 
center  at  the  oripn  O  of  the  coordinate  system  on  the  plane  o  (or  any  other  translate  convenient 
for  computations). 

•  Solve  the  equation  (19)  for  the  function  u(x,y). 

•  Assuming  that  p  is  given,  and  >  0  determine  the  function  x{x,y)  from  (17);  the  constant  c  can 
be  set  equal  to  0.  The  funetjon  z  completely  describes  the  first  reflector  F. 

«  C»ng  formulas  (1)  and  (13)  determine  snd  t{x,y).  Then,  a  substitution  in  (5)  (and  a 

lengthy  calculation  that  we  omit)  gives 

R(i,y)  =  (Ux  +  o.Uy  +  6,  u  -  xtir  -  yUy  +  (l/2){[Du+  A]*  -  /i*}),  (x,y)  6  (20) 

where  A  =  (o.b).  Thus,  we  have  the  parametric  equations  of  the  second  reflector  G- 

2.4.  The  critical  step  in  the  almve  procedure  is  to  solve  the  equation  ( 19).  The  physically  interesting 
situation  is  the  one  when  the  +  sign  in  the  equations  (19)  is  taken.  We  were  able  to  investigate  this 
problem  completely  but  a  full  discussion  is  beyond  the  scope  of  this  paper  and  will  be  presented  elsewhere. 
We  note  only  that  this  equation  admits  infinitely  many  solutions  leading  respectively  to  infinitely  many 
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po«tibt«  d«iigni  of  a  two-refl«ctor  cyttem.  This  feature  ii  txtrsreely  ussfuJ  l>«aiuse  it  sUowi  to  f«iect  s 
lolutioR  Mtisfyinx  sdditionsi  roquiremeots.  This  cMn  b«  doiik>  in  a  way  Icadinf  to  an  optimal  design  In 
the  test  cases  presented  below,  w«  construct  solutions  that  allow  to  synthesize  systems  that  convert  a 
Gaussian  circular  team  into  a  uniform  elliptic  beam,  have  no  blockage,  and,  in  addition,  map  the  central 
ray  in  the  input  beam  into  the  central  ray  of  the  output  beam  When  the  -  sign  in  ( 10)  is  ukon.  the 
problem  can  be  also  investigated,  but  by  different  techniques. 


3  Examples 


Ik  the  examples  below  the  input  beam  is  circular  with  a  Gaussian  power  pattern 

w'here  C  is  a  balancing  constant  required  to  enforce  the  energy  conservation  equation  (9).  and  a  is 
specified  below.  The  crosseciion  Cl  of  the  input  beam  is  given  by: 

fl  =  /(i,y)€o  |x*  +  jf^  <  9c*). 


In  the  first  example  the  data  as  the  same  as  in  [2],  Table  1,  data  set  1.  The  input  beam  crosscction  Cl 
is  a  circle  of  radius  3e,  centered  at  the  origin  (0,0),  the  output  beam  is  required  to  have  a  uniform  energy 
distribution,  with  circular  crossection  f  of  radium  2c,  c  »  .125m,  and  center  at  the  point  (0, 1.396m):;i  = 
9O.98t)50S0-lm.  The  parameter  ft  is  determined  from  the  data  in  |2].  The  surface  profile  of  the  y  =  0 
cut  of  the  first  reflector  F  is  shown  on  Fig.  2.  Fig.  3  shows  the  spacial  view  of  the  first  reflector.  The 
surface  profile  of  the  y  =  0  cut  of  the  second  reflector  G  is  on  Fig  4.  Fig.  5  is  the  spacial  view  of 
the  second  reflector.  It  is  important  to  note,  that  for  the  same  data  the  design  presented  in  [2]  requires 
nonconvex  surface  profiles  with  two  ‘‘humps’*.  Our  design  leads  to  convex  profiles  which  should  be  easier 
to  manufacture. 

In  our  second  example  the  input  beam  is  theiameas  in  the  first  example.  The  output  beam  is  required 
to  have  an  elliptic  crosscction,  T,  with  eenter  at  (0, 1.396m),  minor  semiaxis  2cr  in  the  x-direclioii  anc 
major  semiaxis  2c  in  the  y*direction.  The  output  energy  distribution  is  required  to  be  uniform  across  T, 
The  parameter ;/  =  $9.9$050S04m.  The  surface  profiles  and  their  spacial  views  are  shown  on  Figures  6 
•  9-  On  ail  figures  the  nieuurement  units  are  meters. 
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Fig. 4.  Second  r«flector,  y  ■  0  cut. 


Flg.^.  Second  reflector,  side  view 


4  Summary 

The  desigo  equ&tiont  for  4  two-refl«ctor  system  for  reshaping,  redirecting,  4nd  energy  redistribution  is 
preseoted.  The  resulting  main  equation  is  a  nonlinear  partial  differential  equation  of  MoDge-Ampere 
type.  Once  this  equation  is  solved,  the  surface  data  points  of  the  reflectors  are  found  by  using  formulas 
presented  here.  The  results  of  theoretical  and  numerical  investigation  of  this  equation  will  be  presented 
elsewhere.  Using  a  software  code  REFSYS,  developed  by  the  authors,  two  examples  of  reflector  syrteros. 
synthesized  numerically,  are  presented.  In  contrast  with  some  existing  design  techniques,  our  technique 
allows  to  produce  noncircularly  shaped  output  beams  and  uses  only  convex  reflectors.  The  a\'ailability 
of  con\‘ex  reflecton  is  particdarly  imporiapi  for  fabrication. 
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Fast  and  Accurate  Atgorithm  far  Computing  che  r«4;jtnx  Elements  by  the  Unified 
F\ill>Wave  Analysis  for  (M)NIIC  Applications 

Shih-Chang  Wu 

Department  of  Electrical  and  Computer  EDgineering 
Kevi  Jersey  institute  of  Techno}og>‘ 

Newark,  NJ  07102 

Abstract  ^  The  united  full-wave  analysis,  which  yields  a  fast  and  accurate  computing  algo¬ 
rithm  for  (M}MI0  applications,  is  introduced.  This  now  analysis  method  combines  the  advan¬ 
tages  from  the  classical  <;pare-domain  and  spectral-domain  analyses  in  computing  the  matrix 
elements  during  th'*  moment  method  pioccdure.  A  frcquem^'-indepcnden*  numerical-error  con¬ 
trol  algorithm  is  implemented  to  guard  the  numerical  accuracy.  A  CPW  shori-end  discontinuity 
was  analysed  and  illujtrated  as  an  example  of  potential  applications. 

I.  INTRODUCTION 

Pcecently,  because  of  the  dramatic  increase  in  computing  power  and  the  need  from  the  hy¬ 
brid  and  monolivhic  microwave/millimete'-wave  integrated  circuit  (MIC  and  MMIC)  industrial, 
full-wave  analyses  have  gradually  been  adopted  in  the  microwave  computer-aided-design  soft¬ 
ware.  aecAuse  that  their  formulations  are  directly  derived  from  Maxwell's  eq^^tions,  full-wave 
analyses  cau  accurately  take  into  account  the  radiation  and  surface  wave  coupling.  The  space- 
domain  method  fl,2]  and  the  spectral -domain  method  (3-7)  are  the  most  popular  full-wave  meth¬ 
ods.  Both  of  tnem  utilize  the  same  EFIEs  aiid  Green’s  functions  to  formulate  electromagnetic 
problems;  but  they  adopt  difeient  mathematical  integration  seauence  in  computing  the  sixfold 
integral  for  the  mutual  coupling  calculation  among  the  expansion  and  the  test  functions.  As  a 
result,  the  snace-domaio  nethod  suitable  for  the  modeling  of  arbitrarily  shaped  geometrier 
end  the  circuits/ant^nnas  wivh  large  size  compared  to  the  wavelength.  The  spectral-domain 
method  can  accurately  evaluates  the  mutual  coupling  between  adjacent  current  elements;  thus, 
it  is  more  suitable  to  analyze  the  circuits/aotennas  with  the  size  less  than  a  wavelength.  In  this 
paper,  the  algorithm  of  the  unified  full-wave  method,  whi''i>  coirbioes  the  advantage  from  the 
spare-domain  and  the  spectral-domain  methods,  is  introduced.  This  unified  full-wave  method 
promises  «ui  j*ccurrte  mutual  coupling  computation  for  the  overlap  elements;  while  it  yields 
high  numerical  efficiency  and  accuracy  when  the  elements  are  far  apart. 

The  unified  full-wave  analysis  presented  in  this  paper  is  formulated  to  characterize  the 
multilayered  coplanar  waveguide  (CPW)  configuration.  Similar  approach  can  be  extended  to 
the  microstrip  or  other  prinieJ  circuit /antenna  configurations.  In  the  next  section,  the  Green’s 
function  and  its  asymptotic  expression  for  a  multilayered  CPW  vill  be  presented.  The  unifies^ 
full-wave  method  will  be  derived.  The  computed  reflection  coefficient  from  a  C^W  short-eud 
discontinuity  will  be  illustrated  as  an  application  example  of  the  presented  unified  full-wave 
method. 
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Figure  1:  fvlultiUyered  substrate  atid  its  equivalent  transmission  line  model 
n.  THEORY 


A.  Multilayered  Green’s  Function  and  Its  Asymptotic  Expression 


Accurate  Green's  xunctioa  is  the  essential  elemeot  to  solve  the  integral-equation  formulated 
electromagnetic  problems.  The  electric-ficid  Green’s  function  in  a  multilayered  structure  de¬ 
rived  from  an  equivalent  transmission  lire  model  was  introduced  by  T.  Itoh  in  1980  [8j.  Similar 
^preach  has  been  used  in  the  derivation  of  the  vector  potentials  [9].  in  this  paper,  the  deriva¬ 
tion  of  the  Green's  function  for  the  multilayered  substrate  follows  that  in  |8].  in  Fig.l,  a  layered 
substrate  and  its  equivalent  transmissiori  line  model  are  shown.  The  specvral-doinaiu  Green’s 
function  is  derived  by  the  transmission  line  theory  and  results  in  a  recursion  formula,  which  can 
be  implemented  numerically.  In  Fig.l,  for  a  given  pair.  is  ihe  TE/TM  wave 

admittance  in  the  n**  layer.  ar<d  are  the  eqiuvalenl  input  admittances  at  the 

int'jrface  by  lookiig  up  and  down  into  the  equivalent  transmiwian  line,  respectively 


For  a  CPW  configuration,  the  excitation  source  is  boiizonlal  electric  fields  on  the  slo^.s. 
As  a  result,  the  rmiitilayered  spectral-domain  Green's  function  at  the  interfac'*  excited  by 
the  horizontal  electric  field  source  at  the  same  interface  is  summarized  as  follows, 


+  >7”^  {-Yi^  +  Yii<)  1  r 
{-Yzs + Kr”)  ^  Yzz^ + Yzz^^  j ! 
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B.  Unified  FuU-V/«ve  Analysis 


Full- Wave  analyses,  which  employ  the  momeDl  method  to  solve  the  electric  field  integral 
equations,  were  widely  c^ipiied  to  characterize  plaoar  circuit  discontiouities  and  printed  circuit 
antennas.  During  the  moment  method  procedure,  heavily  numerical  effort  is  Unvoted  to  com¬ 
puting  the  matrix  elements,  which  represent  mutual  coupling  among  the  testing  and  expansion 
functions.  The  calculation  of  the  matrix  elenicnif  involves  a  sixfold  integral  as 


K,.,  =  /  /  I  {  n  r  G(x,^-.x„y,-.k„k,)dk^dk,dy,dx,dydx 

Jjm  Jifm  /-OO  /-«C 


(12) 


The  integrand  G(jr,v;^(.,V>i^rt^y)  contains  suiface-wave  poles  and  soi’xce-point  singularity, 
where  special  care  must  be  taken  in  the  numerical  integration.  Traditiooalh  the  calculation  of 
the  matrix  element  was  performed  either  by  theupace-domaia  method  or  by  ti.  ?  spectral-domain 
method. 


The  space-domain  method  [l,2j  evaiuaf.ed  the  ky)  integrals  in  the  cylindrical  co¬ 
ordinates.  Special  coatour  ioiegration  on  the  complex  K  phne  was  used  to  account  for  the 
surface-wave  contribution  accurately.  During  the  process,  the  precise  locations  of  the  surface- 
wave  poles  need  to  be  pre-evaiuated.  In  the  outer  space  integrals,  the  source-point 
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Figurr  2:  Comp&rison  of  the  integrand  behavior  for  two  apertures  of  the  same  site  but  different 
spacing 

singularity  causes  numerical  inaccuracy  when  the  expansion  function  and  the  testing  function 
overlap. 

The  spectral-domain  method  utilized  the  properties  of  the  Fourier-transform  pairs  of 
the  expansion  function  and  the  testing  function  to  evaluate  the  space  integrals,  (x,.y,.x,y), 
in  a  close  form.  In  the  integrals,  the  trianguier  contour  [10]  was  used  to  avoid  the 

surface-wave  poles.  It  yielded  very  accurate  mutual-coupling  computation.  However,  when  the 
testing  function  and  the  expansion  function  are  electrically  far  apart,  the  highly  oscillatory 
integrand  needs  to  be  computed.  To  illustrate,  the  spectral-domain  integrands  of  two  rectan¬ 
gular  apertures  of  the  same  size  but  different  spacing  are  plotted  in  Fig.2.  These  two  apertures 
are  with  the  size  of  0.05  mm  x  0.05  mm  and  are  on  the  dielectric  substrate  of  [h  =  0.2  mm, 
Cr  =  13.2).  At  30.0  GHs,  the  integrands  are  examined  at  the  fixed  k^,  where  /k,  =  50/ A,.  The 
solid  line  describes  the  integrand  behavior  respected  to  k,  when  two  apertures  are  apart  by 
DX  =  DY  sa  O.I  mm.  The  dotted  line  represents  the  integrand  of  that  when  DX  =  DY  =  O.o 
mm.  To  accurately  compute  this  highly  oscillatory  integrand  in  the  spectral  domain  when 
apertures  are  electricsJly  fai  apart,  a  large  integration  area  and  dense  sampling  in  the  spectral 
doiriaia  are  needed.  Consequently,  longer  computing  time  is  required. 

A  solution  to  simultaneously  improve  the  numerical  accuracy  and  efficiency  Is  to  combine 
the  space-domain  and  spectral-domain  schemes:  and  this  leads  '.o  the  unified  full-wave  method. 
With  the  apertures  depicted  in  Fig.3  ,  the  sixfold  integral  is  i  scomposed  into  the  summation 
of  the  low-frequency  terms  and  the  high-frequency  asymptotic  terms  as 
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Jo  Jo  r’ t  *’  t’ 


co>{k^DX)cos{kyDY)dk,dk, 
=  Y,”  +  Kj*"'  +  n"  -  K/'  +  K," 


where 


=  I'^'sik,;  h,)S(k,-,U.)c<^k,DY)  [  -1 

T(k,-,d,)T(k,\d,)ooo(k.DX)dk.}dk, 

(V;”  -  V;,*'*")  p]  r(lt,;  d.)  ooo{k,DX)dk.^  dk, 

Tik,-,d,)T[k,-  d.)  cos{k,DX)dk.}  dk, 
rr  =  S{k,;h,)S{k,-,h.)c«{k,DY)^j^  ~ 


it* 

yr£^»rZ^  J.  y'fM^»vZ£ 
jtJ  ^2 


T{ks;df)T{k,,d,)cos[krDX)iik,}dky 


Yr  =  I"  S[k,-,hi)S{k,-,h.)cos{k,DY)y" V;^5“"^  +  n 


rM,a«v 


is 

*1 

(t* 


T(k,-,d,)TIX-d,)  cw(  t,  £>.V  )(/t^  }  rfit. 


(13) 


(14) 


(15) 


(16) 


(IT) 


(18) 


where  the  functions  5  end  T  ere  the  Fourier  truisform  of  the  PWS  end  the  pulse  functions. 
rerTseetively.  The  constant  A'*'*  is  selected  to  satisfy  the  asymptotic  conditions  listed  in  (4)-(7). 
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K*  i:  elected  to  be  less  than  the  lowest  surface  wavenumber  but  large  enough  to  avoid  the 
singularity  of  the  asymptotic  expression  at  K  =  0. 

hT*  and  y,”  are  with  double  finite  integrals  which  contain  surface-wave  poles.  They  are 
computed  in  the  spectral  domain  by  the  triangular  contour  integration.  The  inner  integral  of 
can  be  evaluated  in  a  close  form,  and  the  outer  finite  integral  is  directly  computed  in  the 
spectral  domain.  During  the  computation  of  i'” ,  the  space-domain  scheme  is  used  for  the 
integral  to  evaluate  the  integratible  singularity  analytically;  and  the  ky  integral  is  performed  in 
the  spectral  domain  numerically.  Kf*  is  contributed  by  the  asymptotic  term  of  the  integrand. 
A  close  form  expression  for  (i,,  it,)  integral  can  be  obtained  by  converting  Kj'’'  into  the  space 
domain. 

Y„  _  for+i:  smk^{k,  -  |y|)sin  k,(h,  -  |y  - 

‘  X  Jdx-^  J-ki-lDr-k,  i\nk,hj  sin 

fOi,  -  x| ,  |u,  -  y\)dv,dydx,di 

whert 


(19) 
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C.  Numeric&l  Eximple 

A  comparison  of  th«  computing  time  between  the  spectral-domain  method  and  the  unified 
full-wave  method  was  conducted.  The  lest  was  performed  on  the  single-layered  CPW  with  the 
dielectric  constant  of  13.1  and  the  thickness  of  0.2  mm-  The  dimensions  of  the  two  apertures,  as 
shown  in  Fig.3,  are  equal  and  with  hf  ^  d,  sz  d)  ^  0.05  mm.  The  numerical  inaccuracy  for 
both  methods  was  controlled  to  be  less  than  0.001%.  The  numerical  program  was  executed  on  a 
486/33  MHz  PC.  At  30  GHz,  the  computing  time  from  each  method  is  plotted  as  a  function  of 
spacing  D  s  DX  »  DY,  In  rig.4,  it  illustrates  that  the  computing  time  of  the  spectral-domain 
method  increases  linearly  as  the  spacing  increases;  while  that  of  the  unified  full-wave  method 
maintains  near  a  constant. 

An  application  example  of  this  unified  full-wave  method  is  to  characterize  the  CPW 
sbort-end  discontinuity.  The  aperture  electric  fields  of  the  CPW  short-end  was  expanded  into 
PWS  and  semi-infinite  expansion  functions  as  that  in  [7],  Fig.5  shows  the  calculated  effective 
length  extension  of  the  CPW  even  and  odd  mode  incidence  versus  frequency.  Good  agreement 
has  been  observed  by  comparing  to  the  published  data  |1 1|. 

IV.  CONCLUSIONS 


The  unified  full-wave  analysis,  which  merges  the  advanced  schemes  from  the  space-domain 
and  the  spectral-domain  methods,  was  introduced.  Its  dynamic  and  accurate  computational 


58 


SESSION  2: 

TRANSMISSION  LINE 
METHOD  (TLM) 

Chair:  Wolfgang  Hcefer 


61 


New  Fectangular  Series  Node  in  2D-TLM  Network 


Qi  Zhang  and  Wolfgang  J.R.  Hoefer 

NSEROMPR  Teltech  Research  Chair  in  RF  Engineering 
Department  of  Electrical  and  Computer  Engineering 
Univenity  of  Victotia. Victoria,  B  C.,  Canada  V8  W  3P6 

Abstract 

Thi«  paper  preseota  a  new  modification  of  the  tranamiiaioo  line  matrix  method  of  numet  ical 
analytia  in  two  dimenaioni.  Ihe  traditional  tquaie  icriea  meah  2D-TLM  algorithm  ia  generalized  for 
rectangular  meahea  of  arbitrary  aspect  ratio.  Reactive  soiba  are  not  needed  in  this  icheme.  The  basic 
theory  of  the  two-dimenatonal  rectangular  meeh  ii  deacribed  in  detail.  A  full  dispersion  tnalysis  of 
the  rectangular  meub  ia  then  performed  for  the  general  case,  and  the  results  are  compared  to  the  prop- 
eniea  of  the  traditional  square  meah. 

Introduction 

The  iranamiaaion  line  matrix  (TLM)  method  was  proposed  by  P.B .  Johns  for  the  analysis  of 
mkrowive  tiructurea  [1],  The  fouodatian  of  this  method  ia  the  well-known  concept  of  modelling  field 
apace  by  lumped  networka(2),  where  these  networks  have  been  built  to  solve  the  wave  equation. 
Using  a  distributed  parameter  transmission-line  network  model,  the  propagation  space  is  represented 
by  a  mesh  of  TEM  transmission  lines.  Electric  and  magnetic  fields  are  equivalent  to  voltages  and  cur¬ 
rents  on  the  network.  Two-dimensional  propagatian  space  can  be  modelled  by  either  a  shunt  or  a 
series  mttrix(3].  Traditioael  TLM  scbeniet  are  restricted  to  square  mesh  elements.  This  affects  the 
efiScieocy  of  the  method  whenever  the  resolution  leqdremenis  differ  considerably  In  difierent  coordi- 
uair  directions.  To  overcame  this  problem.  Al-Mukhtar  and  Silch  proposed  modifications  to  ‘conven- 
tioutl  TLM'  which  allow  the  mcih  to  be  graded  by  means  of  stubs[4],  but  the  disperaion  error  is 
increased  in  the  mesh,  tnd  more  computer  memory  is  required.  Recently,  Hoefer  and  Sautier  have 
proposed  a  more  general  2D-TLM  algorithm  which  removes  the  restriction  that  the  cell  must  be 
square  [S],  The  basic  theory  of  the  two-dimensiontl  rectangular  TLM  shunt  metbes  of  arbitrary 
aspect  ratio  was  described,- and  the  2D  stub-&ee  rectangular  ahum  node  was  introduced. 

In  this  piper  jhiTf  concepts  will  be  reviewed  end  extended  to  the  2D  rectangular  series  node. 
The  space  and  firequeaey  diapeniao  cbancteriitics  of  the  rectangular  series  node  wUl  be  derived  tnd 
compered  to  thorn  of  tbe  eq>uv,^lent  square  meah.  The  tfaree-dimensioaal  expanded  node  u  presently 
being  developed  which  iocoeparates  the  same  idea,  leading  to  a  more  efificient  space  discretization. 

The  Properties  of  the  2D  Rectangular  Series>Connected  Network 

The  2D  rectangular  serim  mesh  is  .•ketched  in  Fig.1.  Fig.2  rhows  the  rectangular  series  node 
tnd  its  equivalent  circuit.  This  node  represents  thiee  field  components  of  TM  modes,  namely  £j,  Ej 
andffy 

Id  the  reciangulsr  series  mesh  tbe  desired  featvres  are  is  foUowstS]: 
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1.  Impulse  Synchronism:  The  velocities  of  impulses  on  the  dispersionless  link  lines  must  be 
su<h  that  the  transit  time  At  is  the  same  for  all  lines.  According  to  this  property  the  line  velocity  is 
proportional  to  the  line  length: 


i'  " 

V,  ■  ■  Ai  "  ’ 

where  a  >  Ax/At  is  the  aspea  ratio  of  the  rectangular  element. 


_]  I - 1  I - 1  I _ I  L_ 

□  □□□[I 

□  □□raj- 

□  [□□Sc  SX 

~i  I — 1 1 — 1 1 — I  r—  I _ 

Figcte  1.  Two  (hauosieiialiectHguUr  series  mcefa 


2.  isotropic  Wave  Propesties:  In  the  infinitesimal  limit,  the  plane  wave  network  velocity  v„  is 
the  same  in  both  coordinate  directioos  (ami  in  all  other  directioos  as  well). 

s-jd  •  k„  B) 

We  will  now  determine  the  electrical  parameters  of  the  mesh  lines  such  that  the  mesh  has  these 
two  properties.  To  determine  the  slow-wave  properties  of  the  series  mesh  along  one  of  the  coordinate 
directions,  it  is  sufficient  to  consider  a  single  series  cell  which  has  its  anna  in  the  other  direction 
tfam-circitited.  In  z-directiaa  die  meah'ia  charaiaerired  by  a  transmission  line  of  inriiu-t.nn>  and 
capacitanoe  C,  per  unit  length.  The  total  xbunt  capacitance  of  a  cell  ia  thus: 

Ci..  *  qg 

and  the  total  seties  mductanoe  of  this  cell  ia 

i-iM  ■  L^*L^  (S) 

To  gel  the  capacitance  and  inductance  per  unit  length  in  z  direction,  Eqs.  3  and  4  must  be 
divided  by  At 


■  C,  OB 

w  aL^*L^  (B 
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The  network  velocity  in  i-<Urechoo  is 
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1 


6S 


Th^  reltbonship  between  network  velocity  v,  ind  mesh  line  velocities  and  is  the  ssme  in 
shunt-connected  end  series-connected  nervorks.  For  a  »  1,  the  special  case  of  a  square  mesh  is 
obtained.  The  square  tocsh  with  a  network  velocity  v„  is  called  the  equivalent  square  mesh. 

(SOU) 


(soaa) 


teois) 


For  a  g  ven  length  of  transmission  line  between  nodes,  it  is  necessary  to  estimate  the  range  of 
frequeoaes  for  which  the  above  approximate  analysis  is  valid.  The  propagation  properties  of  a  peri¬ 
odic  structure  can  be  analyzed  by  dividing  the  network  into  individual  cells  and  assume  that  a  current 
wave  travels  thio>igh  the  .lecwcrk  as  a  Floquet  made{6]. 

The  tots!  voitnge  V ,  at  the  series  node  is 

V'r  -  V02t) 

1  +  a 

The  Obfemi  into  the  aode  tt  the  aode  center  are  denoted  as  /,.  where  **p**  is  the  line  number.  At 
the  center  of  the  adjacent  nodes  U<e  currents  are  ^ is  the  value  of  the  cun  ent  flowing  around  the 
center  of  the  series  node.  For  the  bruacb  we  have 

v-,-r.7  and  v;~r'v;  moti) 

where  r  «  « 

(EQsa) 

where  is  the  intrinsic  admittance. 

For  the  four  branches  the  currents  can  be  wrirten 

A  -  r.HT-'-r)\’.-TV,)  and  7;  -  r,((r‘-r)viv7-v,) 

~  Y,{{r' -■ny,^■TV,)  and  7;  -  .v,((7-‘-r)v;_nV 

J’,J2'  and  73*  are  multiplied  by  -1,  o'  and  -o'  respcciively,  andy^*  is  idded  to  jieM 

-7^ +a'75 +75 -o'Tl  -  (l  +  o’i  (7~'  +  r)7  (eQn> 


oeom 

(EOsa> 


C^^d+o')  i) 


V,  •  v^Jl  +  o'  and  Vj  ■  /l  +  — 5 
o' 


A/  -  Ai  1-^-3  -  Ar  I— 

‘il  +  o  ll  +  l 


where  A'  is  the  mesh  parameter  of  the  equivalent  square  mesh. 
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Roquet’s  theorem  is  tpplied  to  the  senes  node,  *3id  au  eigeosolubon  to  Eq.  31  is  postulated 
based  oo  the  assumption  that 


A  -  .  A  -  j/“^  .  ^  «nd  A  .  cas) 

By  combining ^j*  the  dispenion  relation  of  the  rectangular  mesh  is  obuined; 


cai(t„^)  4-a^<»c(i,.iu)  -  (l  +  a'lcad^h  (as 

This  equatioa  is  exactly  the  aame  aa  the  diqienicxi  relation  of  the  rectangular  ihunt  node. 

'Die  diapenion  for  arbimy  propagatioo  diiechona  is  iiluatraled  in  Fig.  3.  The  nonnalind  prop- 
agadoD  vector  is  plotted  in  a  polar  representation.  lu  Fig3  the  vector  t,  desoibes  the  unit  circle  for 
the  infiniteaitnal  meih  case.  When  a  coarse  diicretiziition  is  selected,  fcr  exsmple  (Ai/iaO.l.f),  the 
wavelength  can  not  be  considensd  very  large  compared  to  As,  and  the  velocity  becomes  lre()uency 
dispersive  and  depends  on  the  propagitiaii  directian.  The  mssimum  dispersion  occurs  in  the  axial 
direction.  In  this  example  the  parameter  dr  is  larger  than  Ax;  thus,  the  propagation  vector  is  larger 
along  the  longer  mesh,  and  the  dispersion  is  higher  in  x-direction.  Checking  the  dispersion  relation 
along  the  main  axes,  we  know 


1 

cmk^  m  coiitjAz-^ttaCA,-^)  naljA; 

Ai 

cmk^^gAxrn  coikj^x^ a^oa 


If  1  At  N 

•  —  fircaai(o«*jAi — 

I  7  Az 

«  ^^orcoMtcosSjAr-a  unfdj-j-)  snSjAr) 


(BOSS) 


The  above  dispersion  relahnns  are  shown  in  Fig.  4.  Compared  with  the  reference  square  mesh, 
(be  higher  dispersion  ootnus  in  z-ditecti(xi.  It  is  consistent  with  the  reault  presented  in  Fig.  3. 


Coaclusion 


In  this  paper  the  tradihonal  square  series  node  TLM  aigorilhms  are  generalized  for  rectangular 
cells  of  arbitrary  aspect  ratio.  It  is  shown  that  the  anisotropic  rectangular  TLM  networks  can  be  con¬ 
ceived  in  such  a  way  that  the  propigitiaa  vector  remains  independent  of  the  directioa  of  propagation 
in  the  infinitesimal  approximatian.  A  full  dispenion  analysis  of  the  rectangular  series  mesh  is  then 
performed  for  the  general  case,  and  the  results  are  ctxnpared  to  that  of  the  tradihonal  square  mesh. 
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Abstract 

An  efficient  solution  to  the  problems  associated  with  plane  wave  illiiininalioii  of  a  scai- 
terirg  body  in  a  TLM  mesh,  initially  presented  in  (Ij  is  explained  I'lie  equivalence  of  the 
solution  to  a  partial  implementation  of  the  Huygenvs  surface  [i]  (used  in  the  Time- Domain 
Finite  Difference  (TDFD)  method)  is  outlined.  The  method  allow.v  the  u.-e  of  confiderably 
smaller  TLM  meshes  for  scattering  problems  excited  with  a  plaiii'  v.ave  ..-oiii'ce  than  previ. 
ously  possible.  The  method  uses  the  TIM  mesh  itself  to  generate  the  leriuivaient  of '  retarded 
surface  currents  for  the  Huygenhs  surface.  This  gives  autoniatie  eouipensaiioii  for  any  dis¬ 
persion  in  the  mesh.  The  method  is  therefore  suitable  for  problejn.-  using  a  graded  mesh 
without  further  modification.  New  results  are  presented  which  denionstrat?  the  emeary  of 
the  solution  and  compare  its  performance  with  other  methods  of  plane  wave  illumination. 

1  Introduction 

Th«  Transmission  Lii\<  M&trix  (TLM)  method  of  n  nierital  elect roaiAjtneTic  usiua, 

the  symmetricaJ  condensed  node  is  well  known  [3].  It  has  been  widelv  used  to  determine 
scattering  from  structures  under  plane  wave  iiluinii  atiou  41.  However  the  problems  of 
obtaining  an  accurate  plane  wave  are  not  well  reported.  Here  we  w  ill  t  hejie  problems 

and  provide  a  simple  and  efficient  solution. 

When  a  plane  wa'-e  is  excited  in  a  finite  TLM  mesh  witji  inaiched*  boundaries,  the  sudden 
truncation  of  the  mesh  causes  a  second  wavefront  to  generated  at  earli  bovindar>  .  This 
is  due  mainly  to  the  physical  truncation  of  the  wavefront  at  the  boundarie.^  aiid  to  a  lesser 
extent  to  the  fact  that  the  boundary  does  not  represent  a  trtie  radiation  boundary  condition. 

The  problem  of  plane  wave  illumination  is  often  overcome  tising  problem  boundaries 
which  have  a  +1  reflection  coefficient  (magnetic  walUj  at  the  edge  of  the  waAe  parallel  to 
the  electric  field  and  -  I  reflecting  boundaries  (electric  wali.w)  perpendicular  to  the  electric 
field.  This  produces  an  ideal  waveguide  in  'vhicli  ft  plane  wave  ran  propagate.  However 
the  reflecting  wall.«  also  .‘^erve  to  reuirn  waves  scattered  i.\\  tin-  ilin minared  objec'  to  the 
observation  point  and  this  interferes  with  the  observation  of  ilir  circt  >  wrat^-red 

*Thf  trAnsmiisicn  bnes  onier  5«jr!?.cc  >«i  a  in.';tc;f»'i.  loiu. 
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In  order  to  &void  this  the  problem  space  must  be  made  large  enough  that  refteciious 
from  the  boundaries  do  not  reach  the  observation  point  in  the  time  span  of  the  simulation. 
However  this  results  in  aiv  excessivdv  large  prebiem  space  and  uay  not  be  possible  where  a 
large  number  of  iterations  are  required  (e.g.  when  a  high-Q  resonant  structure  is  present ). 

The  implementation  of  asymmetric  boundaries,  equivalent  to  a  partial  Huygen  V  surface, 
discussed  in  this  paper  provides  an  efficient  solution  to  the  problems  outlined  above. 

2  Illustration  of  performance 


o  — 


Figure  1:  .Arrangement  of  asymmetric  bounciaiies  williin  the  TLM  mesh. 

In  order  to  demonslraie  this  a  simple  Gaussian  plane  wave  wa-s  exciied  in  a  TLM  inesh.  with 
a  lO-XlO  node  cross  section  (Fig.  !).  and  the  field  observed  for  three  sreiiarios  (Fig.  2y. 

1.  with  the  wave  propagating  in  the  mesh  with  asymmetric  boundaries  as  described  below 

-  the  Gaussian  profile  is  preserved: 

2.  with  no  asvmmetric  boundaries  and  matched  termiiiaiions  at  the  edges  of  the  mesh 

-  a  considerable  negative  e.NCursion  occurs  after  the  initial  Galls^iall  pulse  due  to  the 
truncation  of  the  wavefront  at  the  boundaries  of  the  problem: 

3.  with  the  same  10x10  node  plane  wave  as  in  21  in  a  larger  mesh  Itinvbl))  -  a  similar  time 
response  occurred  showing  that  the  negative  excursion  is  mainly  due  to  the  iruncalioii 
of  the  wave  rather  than  failure  of  the  boundary  in  some  wav. 
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Figure  2:  Comparison  of  a  Gaussian  pulse  propagation  'vijli  asyup.iietric 
boundaries,  with  matched  boundaries  in  10x10  cross  section  niesii.  and  a 
truncated  10x10  plane  wave  in  60.x60  mesh  (no  sca.ilcrer;. 


3**Ct  <«*Ce  t«-CS  if  Ci 

~ink  .i 


Figure  3:  Comparison  of  Gaussian  pulse  plane  wav  e  in  liie  cliffereni  iueslit> 
■ivith  scattering  object- 


Fig.  3  show  rhe  time  history  at  the  observation  point  with  the  >c,\TTeriuc,  ouitTr  :  Fis*. 
1)  present.  It  can  be  seen  that  the  use  of  the  partial  HnvEtenV  >ui  ra(v  lives  reMilt.'  :  solid 

line)  wliich  correspond  very  closely  to  the  ideal  ca^e  (—  poinT>'  with - i  l>ouiiilar:e>  used 

with  a  very  large  (60x20x60)  mesh  size  but  this  is  achieved  with  ^  -nml!  <  I0.\20xi0'  mesh 
size.  The  large  mesh  size  ensures  that  the  reflections  from  the  ivomiccu lo-s  do  no:  rcMcli  the 
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observation  point  within  the  observed  time  span,  ji-  the  small  mesh  size  +/-1  boundaries 
result  (diamonds)  in  multiple  reflections  which  distort  the  observation  of  the  scattered  field 
as  does  the  additional  wavefront  if  matched  boundaries  are  used  (broken  line). 


Figure  4:  Compaxison  of  the  spectrum  with  asymmetric  boniidaries.  with 
matched  boundaries  in  iO.\lO  cross  section  mesh,  and  a  it  unrated  10\!0 
plane  wave  in  60xC0  raesh  (impulsive  excitation). 


AsjmMrrxc  aouRMr  kt-b 

>Utcr.«i  tidw  oe-j.-;<i*rinb  •••• 
Tnir.c«t*«  ir.  r«»‘’  . 
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Figure  5:  Comparison  of  measured  fields  in  the  aperuire  ol  an  enclosiiie 
with  TLM  simulation  using  asymmetric  and  matched  boundaries 

Fig.  4  shows  the  spectrum  of  the  wavefront  iiicideni  at  ilic  observation  point  with  im¬ 
pulsive  excitation  for  the  same  scenarioiis  as  in  Fig.  2.  .4  1  in  node  pitrii  is  assumed.  It 
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can  be  seen  that  the  spectrum  of  the  incident  wave  is  flat  when  ili-e  partial  Huyocn  ?  Muface 
is  used  whilst  the  use  of  matcJied  boundaries  gives  reduced  energy  at  low  frequencies.  The 
truncated  (lUxIU)  wave  in  a  large  (dOxdO)  mesh  exhibits  a  lart^e  dc  cuiupvueni  bill  ull'iciWiSe 
lias  vary  little  energy  at  the  low  frequency  end  of  the  spectruiu. 

Fig.  5  compares  the  results  obtained  with  asymmetric  bomidarie.<  and  matched  bound¬ 
aries  with  experimental  results.  .4n  enclosure  (Fig. 6)  with  an  aperture  is  placed  in  a  semi- 
anechoic  chamber  and  illuminated  with  a  vertically  polarised  wave  of  constant  amplitude.  In 
the  TLM  simulation  a  plane  wave  was  used,  the  ground  plane  wa..;  representerl  1«  a  —  I  re¬ 
flecting  boundary,  and  the  walls  of  the  semi-anechoic  chamber  were  represented  by  matched 
or  asymmetric  boundaries.  The  field  in  the  aperture  is  then  plotted  In  the  TLM  simiilatioit 
it  can  be  seen  that  the  use  of  asymmetric  boundaries  gives  a  result  nim  li  closer  to  experiment 
thaji  the  use  of  matched  boundaries  However  the  magnitudes  of  ftr.-:  two  resonant  peaks, 
and  the  field  minima  cje  not  predicted  accurately  by  TLM.  This  may  be  due  to  the  fact  that 
the  walls  of  the  enclosure  were  lossless  (  —1  reflection  coefficient  )  in  the  TLM  simulation 
whilst  the  reflections  from  the  walls  of  the  real  enclosure  would  not  be  lossless. 


Figure  6:  E.xperimental  layout  lot  eiiclosurt . 


3  Implementation 

Using  a  set  of  simple  wymmelric  boundiries  in  ihe  TLM  mesh  the  disiortiou  of  the  wavefrom 
due  to  the  discontinuity  of  the  pl^ne  wave  can  be  removed  whilst  stiU  maintaining  a  matched 
boundary  for  the  scattered  field.  As  shown  in  Fig.  1  ihe  TLM  mesh  is  termiiiaif'd  with 
-I  reflection  coefficient  boundaries  on  the  faces  perpendictilar  to  ihe  electric  field  of  the 
plane  wave.  —  I  reflection  boundaries  parallel  ic  the  electric  field,  v^jid  jiiatched  boundaries 
on  the  remaining  two  faces.  Asymmetric  boundaries  arc  coii.'tr;u ic'd,  as  tube,  parallel 
^0  the  direction  of  propagation  <vf  fh^  plane  wave,  one  iinii  in^i(le  Tiie  TLM  mesh. 
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The  reflection  coefficient  of  the  inside  faces  of  the  asymmetric  boundaries  is  set  to  zero 
(matched)  as  is  the  transmission  coefficient.  This  means  that  the  problem  space  appears  to 
have  matched  boandirics  on  all  sides  for  the  scattered  fields.  Also  no  energy  from  tlie  inner 
problem  space  can  reach  the  outer  region  between  the  asymmetric  boundaries  and  the  sides 
of  the  TLM  mesh.  The  outer  faces  of  the  asymmetric  boundaries  have  reflection  coefficients 
identical  to  the  outer  boundary  which  they  face  and  a  unity  transmission  coefficient.  Thus 
a  (plane)  wave  can  propagate  in  the  waveguide  formed  by  the  asymmetric  boundaries  and 
outer  surface  of  the  mesh  undisturbed  by  any  waves  from  within  the  problem  space.  However 
if  a  plane  wave  is  excited  across  the  entire  cross  section  of  the  TLM  mesh  (as  in  Fig.  i)  the 
parts  of  the  wave  propagating  in  the  problenv  space  and  the  outer  layer  are  in  time  pliase 
and  will  remain  so  regardless  of  any  dispersion  in  the  mesh.  The  er.ergv  transmitted  from 
the  outer  layer  to  the  problem  space  provides  the  necessary  continuity  so  that  the  wave  in 
the  problem  space  is  not  truncated  and  thus  no  spurious  wavefronts  are  generated 

Therefore,  by  the  use  of  asymmetric  boundaries  we  have  achieved  propagating  conditions 
for  the  exciting  plane  wave  as  if  we  had  used  -i-/-l  problem  space  boundaries  to  create  a 
waveguide  capable  of  sustaining  the  wave,  whilst  for  scattered  fields  the  problem  space  has 
matched  boundaries.  The  method  can  be  shown  to  be  equivalent  to  a  partial  impleiiientaiioii 
of  a  Huygen’s  surface  as  used  in  the  TDFD  method. 


4  Theory 

Let  us  consider  the  implications  of  using  the  reflection  roeffiric  iit.s  specified  on  the  boiiiiriaries 
of  the  exciting  surface  (the  asymmetric  boundaries  and  the  plane  of  initial  excitation  i.  In 
particular,  let  us  consider  three  points  on  the  surface 

a)  a  point  on  the  surface  where  the  plane  wave  starts  (minimnin  y  roordinabe): 

b)  a  point  on  the  right-hand  surface  (maximum  .\  coordinate): 

c)  a  point  on  the  top  surface  (maximum  z  coordinate). 

If  we  consider  the  voltage  which  is  implicitly  added  in  when  using  tiie  appropriate  reflec¬ 
tion  coefficients  on  these  surfaces  then  we  get  for  each  point 

a)  a  positive  z-directed  voltage.  I  j.  flowing  in  the  positive  y-direction  (into  the  interior 
scattering  region  surrounded  by  the  surface)  and  zero  component  flowing  in  tlie  negative 
y-direction  (into  the  e.xterior  region  of  the  surface): 

b)  a  negative  z-directed  voltage.  — 1';/2.  flowing  in  the  positive  .x-tiirection  (out  of  the 
scattering  region)  and  a  positive  z-directed  voltage.  \;/2.  flowing  in  the  negative  .\- 
direction  (into  the  scattering  region); 

c)  a  positive  y-directed  voltage.  V„/2.  flowing  in  the  positive  2. direction  (out  of  tiie  scat¬ 
tering  region)  ajid  a  positive  y-directed  voltage.  V,,/2.  flowing  in  the  negative  z-directioii 
(into  the  scattering  region). 

It  is  possible  to  calculate  the  actual  fields  we  are  creating  al  the  boundaries  of  the 
scattering  region.  For  the  case  of  a  boundary  in  the  xz-plane  with  two  voltages  flowing 
outwards  along  the  y-direction.  the  field  components  are 


E  =  £- 


I  :(y)  -b  !  ;i  - y) 


I  •' ) 
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H  =  H,  = 


v.-(y)  -  '-U-y) 


where  V't(y)  and  V'.(-y)  are  the  z-directed  voltage  pulses  traveUiiif,  in  the  positive  and 
negative  y  directions  respectively.  Similar  expressions  can  be  given  for  the  other  boundaries. 

Using  equations  1  and  2  then  allows  us  to  calculate  the  fields  created  at  the  three  bound¬ 
aries.  We  get 

a) 

£=£..  =  ^  =  ^  (.3) 


H  =  Hr  = 


^1  A/ 

K  _  V 
ZaAl  ~  Za-^l 


H  =  H„  = 


E=  Er  =  0 

K 


-E  -Ye-L 

H  =  .Hr  =  0 


Using  Maxwell's  curl  equations  it  is  then  possible  to  write  down  expressions  for  apuro- 
priaie  electric  and  magnetic  source  cunent  densitie.s  on  the  siinace.v  uhith  would  give  rise 
to  the  fields.  We  would  need  to  apply  the  oirrems 

a) 

1 


_  V 
'  “  ZaM 
M  =  0 


If  we  now  consider  the  creaiiou  of  a  similar  plane  wave  n.siiig  the  Huygens  formalism 
described  tn  '2;  .  we  see  that  we  need  to  apply  currents  to  the  .stirfare  given  bv 

M''‘  =  E'‘xn  fl5) 


where  ii  is  a  unit  vector  perpendicular  to  a  particular  surfare  and  directed  into  the  >canering 
region.  Then,  in  ordei  to  create  a  y-directed  wave  with  coniponcnt>  E'  =  E.  and  H'  =  H: 
at  the  tame  three  positions  described  earlier  v>e  need  to  aoph  t!te  curve  i’* 
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.f’'  =  -H^z 

(17) 

M*  - - E'lx 

(18) 

o 

II 

< 

(19) 

M*  =  -E^y 

(20) 

^  la 

\ 

If 

•-«! 

(21) 

M*  =  0 

(22) 

Fri  in  examination  of  the  Huygens  surface  currents  and  the  currents  actuallv  applied 
to  the  surface  in  the  new  method  we  can  see  that  they  arc  equivalent  with 


£?  = 


M 


m) 


Ht  = 


V 


(24) 


That  is.  exciting  a  plane  wave  of  voltage.  V'.  in  the  new  method  is  equivalent  to  exciting 
a  free  space  electromagnetic  plane  wave  with  fields  f  =  and  H  =  \  jZn^l  using  a 

Huygen's  surface. 


5  Conclusions 

.A  simple  and  efficient  method  of  implementing  a  partial  Huygen's  bonndary  in  the  TLM  mesh 
has  been  demonstrated.  The  method  allows  the  use  of  considerably  smaller  TLM  meshes  for 
scattering  problems  excited  with  a  plane  wave  source  than  pieviou.sly  possible.  The  method 
uses  the  TLM  mesh  itself  to  gen-.rate  the  (equivalent  of)  retarded  stirfare  currents  for  the 
Huygen’s  surface  and  therefore  automatic  compensation  for  an>  Oispersion  in  the  mesh  is 
achieved.  This  also  means  that  the  method  is  suitable  for  problems  using  a  graded  mesb 
without  further  modification. 
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Abstract 

The  trsasmission  line  matrix  (TLM)  method  is  used  to  analyse  the  balanced  bridge  mine 
detection  system.  These  resnits  inclnde  an  exanunation  o(  modeling  a  thir  wire  is  a  coarse 
TLM  mesh. 


I  Introduction 

The  TLM  method  of  vlectramagnet.ic  analysis  is  ideally  suited  lor  modeling  a  balaitced  bridge  mine 
detection  system.  This  type  of  system  requites  some  areas  of  the  model  to  represent  free  space 
and  other  areas  to  represent  a  lossy  earth  material.  Using  TLM,  urbitraiy  material  parameters 
can  be  easily  realised  by  modi^ring  an  input  file.  Hosnver,  to  use  TLM  to  model  a  mine  detection 
system,  an  adequate  method  for  modeling  thin  linear  antennas  in  a  coarse  mesh  must  be  found. 

The  balanced  bridge  mine  detection  system  utilises  a  receiving  antenna  located  between  two 
transmitting  antennas,  as  sho«m  in  Figure  1.  The  transmitting  antesmss  are  operated  180*  out  of 
phase  to  create  a  symmetric  system.  Due  to  this  symmetrical  property  the  eignal  at  the  receive 
antenna  is  normally  leio.  In  the  preience  of  an  anomaly,  the  system  becomes  unbalanced,  and 
the  received  signal  increases. 


n  Theory 

The  TkansmissioD  Line  Matrix  (TLM)  method  i.s  a  time  domain  analysis  in  which  both  space 
and  time  are  discieiiscu.  Space  is  divided  into  discrete  points,  nodes,  which  -re  repre-ent-d 
by  a  network  of  transmission  lines.  Tbe  transmission  line  equations  are  related  to  the  Maxwell 
equations  allowing  the  voltage  pulses  traveling  along  the  lines  to  represent  tbe  propagation  of  fields. 
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Figure  1;  Geometry  for  a  ultnced  bridge  mice  detectioD  iy»tem  as  it  appears  io  the  TLM  meth. 

Time  progresaes  in  discrete  steps  aa  tbe  voltage  pulses  are  passed  bom  one  set  of  tranamissioo 
licea  to  crtother.  The  data  at  aay  node  may  be  saved  and  prcceu.  d-  The  processing  may  include 
such  things  as  calculating  the  frequency  retposss. 

TLM  analysis  is  performed  in  two  basic  steps  A  routine  is  perfonmed  which  scatters  sU  the 
voltage  pulses  (K)  inddest  on  a  node  The  scattering  it  executed  through  a  matrix  multiplication 
as  shown  in  Equation  1  with  5  being  the  scattering  matrix.  After  scattering,  the  voltage  pulses 
(V^)  are  outsrard  traveling. 

KwJV:  (1) 

The  outward  traveling  voltage  pulses  are  then  moved  to  the  appropriate  traiumission  lines  of  the 
surrounding  nodes  and  ate  again  inward  traveling  voltage  pulses.  The  exchange  of  voltage  pulses 
between  different  nodes  is  referred  to  as  connecting.  Every  scattering  and  coonectirtg  pioceis 
represents  one  disciele  step  in  time. 

The  type  of  node  we  used  for  our  analysis  is  called  the  Symmetric  Condensed  Node  (SCN)  [I] 
This  node  consist  of  six  branches,  each  one  compoeed  of  two  unconpled  two  wire  transmiaaion 
linei.  By  adding  more  stubs  to  the  node,  permittivity  and  permeability  of  different  materials  may 
be  incorporated  into  the  model  [1|.  Loaiy  matetials  may  also  be  modeled  by  the  use  of  additional 
stubs  [2J.  Tbe  scattering  matrix  for  the  SCN  with  permittivity,  permeability,  and  loai  itubs  is 


79 


shown  in  Equation  2. 


0  0  0  0  t 

0  0  0  -t  0 

j  0  0  0  — t 

go  i  0  0 

p  -t  0  0 
0  j  0  *  0 

0  fl  i  0  0 

9  0  -t  0  0 

D  0  0  i  0 

0  0  0  — i  0 

ff  0  0  0  t 

5  0  0  0 

0  0  0  0  0 

K  0  0  0  0 

0  /i  0  0  0 

0  0  ;  0  0 

0  0  0  1  0 

0  0  0  0  ; 


(2) 


The  tcitteriuj  ii  performed  on  ever;  node  in  the  t;item;  however,  the  connecting  cannot 
be  done  for  node<  locate^,  along  the  edge  of  the  meih.  At  these  positions,  onl;  five  of  the  six 
branches  have  another  node  with  which  to  trade  voltage  pnlses.  The  five  branches,  which  have 
neighboring  branches,  are  connected  using  the  normal  process.  The  sixth  branch,  which  is  not 
abutting  another  branch,  must  be  tenninated  to  as  not  to  disrupt  the  network  and  cause  invalid 
data.  The  termination  method  used  in  this  model  is  baaed  on  refiection  coeSdenti.  By  knowing 
the  characteristics  of  the  material  sunonnding  the  mesh,  the  reflection  coefficient  ii  calculated . 
The  inward  traveUng  voltage  pulse  placed  on  the  sixth  branch  is  the  product  of  the  outward 
traveling  voltage  pulse  and  the  reflection  coefficient.  The  disadvantage  of  this  method  is  that  it 
caimot  compensate  for  a  lossy  material  immediately  adjacent  to  the  mesh. 


For  the  mine  detection  system  of  Figure  1,  thin  linear  antennas  need  to  be  modeled.  The 
dipole,  which  iiae  a  diameter  much  lets  than  the  incremental  length  (A/)  of  a  node,  it  modeled 
by  modifying  the  icattering  matrix  to  represent  a  node  that  has  an  infinitesimally  small  piece  of 
conductor  located  at  the  center.  The  scattering  matrix  it  changed  to  reflect  the  negative  of  the 
inward  traveling  pulse  back  onto  the  tame  lines.  A  straight  line  of  these  “apedal”  nodes  can  be 
used  to  represent  a  piece  of  wire.  As  long  as  no  voltage  pulses  are  impresaed  along  the  adjoining 
branches  of  the  wire,  no  voltage  polaea  will  ever  be  reflected  onto  these  tranamiaaion  lines. 


in  Results 


Due  to  the  fact  that  we  are  modeling  this  relatively  small  structure  in  a  coarse  mesh,  the  dipole 
cannot  contain  a  center  gap  if  the  procedure  outlined  above  is  to  be  used.  In  our  mesh  the 
antenna  is  lOAl,  if  this  model  were  to  represent  the  center  node  of  the  antenna  with  free  space 
then  the  center  gap  of  the  dipole  would  comprise  10%  of  the  entire  antenna.  This  setup  is  shown 
in  Figure  2. 

Therefore,  our  approach  to  the  problem  was  baaed  on  a  concept  used  in  the  moment  method 
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Figure  2;  TLM  me*h  uied  for  modeling  the  dipole.  The  dipole  i<  looted  in  the  center  of  the  meih 
with  iti  ear  oriented  in  the  t-direction.  (a)  Three-dimeniional  view  of  the  mesh  used  to  represent 
a  block  of  free  space,  (b)  Cut  away  view  of  the  x-y  plane,  (c)  Cut  away  view  of  the  x-x  plane. 

solution  of  a  similar  type  of  problem.  Instead  of  using  two  pieces  of  metal  to  represent  the  dipole, 
one  continuous  piece  was  used  to  model  the  entire  dipole.  Without  a  gap  at  the  center,  excitation 
and  output  must  be  obtained  without  directly  using  the  nodes  located  along  the  antenna.  The 
excitation  it  provided  by  exciting  a  magnetic  current  around  the  dipole.  Voltages  across  the  dipole 
are  gathered  indirectly,  by  findiog  the  £-field  around  the  dipole  according  to  Equation  3 

V^^Edl  (3) 

The  characteristic  admittance  of  the  dipole  is  compared  to  that  obtained  by  Harrington  [3] 
using  the  moment  method.  When  the  teal  part  of  the  admittance  peaks  or  the  imaginary  part 
is  passing  through  sero,  the  system  is  resonant.  Fkom  this  data  it  can  be  seen  that  the  resonant 
frequencies  occur  when  the  length  of  the  antenna  is  approximately  a  multiple  of  half  a  wavelength. 
The  resonance  with  which  we  are  most  cmioemed  occurs  when  the  antenna  is  approximately  one 
half  of  a  wavelength.  The  system  is  to  be  investigated  in  the  region  srurounding  this  frequency. 

The  fields  are  used  to  obtain  voltages  and  currents  at  the  center  of  the  dipole.  The  voltage  is 
obtained  using  Equation  3.  The  current  it  obtained  in  a  similar  marmer  using  Ampere's  law  via 
Equation  4. 

I  =  (4) 

The  admitUace  it  defined  as  the  rauo  of  current  to  voltage. 

The  dipole  antenna  was  defined  as  10^/  in  length  with  defined  to  be  0.1  meters,  thus 
producing  an  antenna  with  a  length  of  1.0  meter.  The  fint  resonance  for  this  antenna  should 
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Frequency  (Hz) 

Figuie  3:  Input  ndmittuce  of  «  center-fed  linear  antenna  obtained  using  TLM. 

theoretically  occor  at  150  MHa.  However,  the  fint  resonant  frequency  for  thi<  antenna,  as  deter¬ 
mined  from  ita  input  admittance  shown  in  Figure  3,  occurs  at  100  MHz.  This  difference  in  the 
theotetical  and  computed  resonant  fcequendei  can  be  explained  through  an  examination  of  the 
TXM  computed  current  distribution  shown  in  Figure  4.  The  TLM  computed  current  at  locations 
between  the  ends  of  the  antenna  appears  to  be  sinusoidally  distributed,  but  the  magnitude  oi 
the  current  at  the  ends  of  the  antenna  it  still  a  large  percentage  of  the  maximum  cunent  at  the 
antenna  center.  A  ‘trailisg*  current  occurs  beyond  each  end  of  the  antenna  caused  by  the  discrete 
nature  of  the  TLM  simulation.  This  trading  current  continues  to  decrease  in  magnitude  beyond 
each  end  of  the  antenna.  If  the  antenna  is  increased  by  2.5Aj  on  esch  end  so  as  to  include  most  of 
the  trailing  current,  the  effective  length  of  the  antenna  is  increased  from  1.0  meter  to  1.5  meters. 
The  tfcctive  length  of  the  antenna  thould  therefore  be  uaed  to  compute  the  resonant  frequency, 
which  in  this  cate  is  100  MHz.  Taking  the  extra  length  into  consideration,  Figure  3  shows  the 
cocrect  reipanae  for  this  antenna. 

This  technique  of  including  the  effects  of  the  traiUog  current  was  applied  to  antennas  of  various 
length,  but  the  number  of  Af  remained  the  same.  The  length  was  changed  by  adjusting  the  size 
of  ^1,  and  as  expected,  all  of  these  cases  produ.ed  the  same  TLM  computed  current  distribution 
with  the  trulisg  emrent  having  a  length  of  5^(.  When  the  length  of  the  antenna  was  held  constant 
but  the  number  of  ^1  the  antenna  sras  increased,  the  current  distribution  data  showed 

that  the  length  of  the  trailing  current  was  reduced.  When  s  larger  number  of  Al  was  used  to 
model  the  antenna  the  data  showed  the  current  dropped  to  small  fraction  of  the  maximum  current 
in  less  than  5A1  beyond  the  ends  of  the  antenna  This  shows  that  the  finer  the  discretization  of 
the  antenna  the  better  the  model  approximates  the  actual  current  distribution. 

The  TLM  model  was  tested  '  y  running  simulations  of  a  balance  bridge  mine  detection  system 
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Positicn  Along  Antenna 

Figure  4:  Current  diitribution  along  the  antenna,  which  is  being  modeled  as  one  continuous  piece 
of  wire. 

examined  by  HiU[4].  The  configuration  of  the  mesh  is  shown  in  Figure  1.  The  dimensions  of  the 
setup  are  as  given  below. 

d  =  lOem 
h  —  8em 
I  =  26cm 
g  -  lOon 

frequency  =  380MHz 


e,  =  3.5-j0.05 

The  results  obtained  using  TLM  are  very  close  to  those  obtained  by  Hill.  Figure  S  shows 
the  comparison  of  the  data  produced  by  TLM  and  that  obtained  by  Hill.  This  figure  alio  shows 
the  results  obtained  """g  the  two-dimensional  TLM.  At  can  be  seen  from  the  results  the  three- 
dimenxional  TLM  code  shows  a  closer  agreement  with  Hill’s  data  than  the  results  produced  by 
the  two-dimensional  TLM  code. 


TV  Conclusions 

The  technique  presented  here  works  well  for  modeling  thin  linear  antennas.  Hosrever,  to  use  this 
method  test  need  to  be  run  to  determine  the  amount  of  trailing  current  that  must  be  included  to 
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Figuie  S;  Nonnalixed  electric  field  i*  a  (unction  of  the  pocition  of  the  anomaly  fot  results  obtained 
using  T  M  and  by  Hill 


accurately  model  the  anterma.  The  problem  of  modeling  a  thin  wire  is  a  course  mesb  has  bees 
examined  by  several  researcher.  Naylor  and  Cbristopoulos  [5]  developed  a  new  TLM  node  and 
scattering  matrix  to  treat  the  problem  whereas  Wlodarcsyk  and  Johns  [6]  model  the  thin  wire 
between  two  TLM  nodes.  Most  recently,  duffy,  Benson,  Cbristopoulos,  and  Herring  [7]  treared 
the  problem  by  using  a  loirer  time  ste  in  the  immediate  neighborhood  surrounding  the  conductor. 
h\ituie  work  will  investigate  the  applications  of  these  methods  to  the  mine  detection  probleic . 
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Abstract 

The  TVaatmmioa  Lioe  Matrix  (TLM)  method  is  used  to  deterauae  the  eleciroroagntUc  ncar-firld 
quaattdai  praduead  by  tht  radiatioa  fioa  a  eh<^ed  cuculat  waveguide  aateaaa.  These  ncar>ficld 
quaathisa  art  tnaffeimsd  into  far>fi<ld  ri^diation  paitams  by  uas  of  the  field  equivalence  prinuple. 
Nvmancal  lesults  are  compared  to  xnsaaurtd  data  pfcvided  by  the  Jet  Propulsion  Laboratory 
(JPL). 

1  Introduction 

The  Jet  Propultion  Laboratory  (JPL)  is  Invwtigatkag  the  dtaign  of  the  dual  frequency  lose  gain  antenna 
for  tht  apacecraft  amergency  command  and  low  data  rate  Unk.  JPL  it  most  interested  in  creating 

an  analytic  tool,  capable  of  asMtimg  and  optuLixing  dcaigiu  baaed  on  vaiions  xoisuoa  requirements 
(typically  7-9  GHa).  In  lupport  of  this  iavestigatioa,  an  analysis  has  been  perfonaej  on  the  choked 
ciicnUr  waveguide  antenna  of  Figore  1.  Thu  it  the  low  gain  antenna  for  the  Mars  Observer  which  uses 
a  ttmple  choke  design. 


Figure  1:  The  GE  bascUne  design  of  the  Mari  Observer  low  gain  antenna  showing  the  leed  portion  as  a 
choked  circular  waveguide 
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Ftfura  2:  The  fymmetricftl  coadtiiMd  node  thowing  its  12  tranimituon  lines  end  voltege  pulses 


A  numerical  tecluuqae  known  u  the  ^TrnatmiMioc  tine  Matrix**  (TLM)  method  is  used  to  mode] 
the  propagation  of  waves  through  and  about  the  choked  circular  waveguide  antenna.  After  the  proper 
electromagnetic  radiation  of  the  antenna  has  been  produced  using  TLM,  the  electric  and  magnetic  field 
quantities  are  saved  over  a  turface  turronnding  the  antenna.  The»e  field  qnantitiea  are  used  to  determine 
the  far^field  radiation  paltema  by  use  of  the  field  equivalence  principle. 

2  Theoretical  Foundations 

2.1  3-D  TLM  method  nod  the  nymmetricel  condeiined  node 

In  order  to  implement  the  scattering  of  waves  through  space  on  a  digital  computer,  the  formulation  of 
'his  wave  model  needs  to  be  in  discretiaed  fom.  Therefore,  both  space  and  time  ore  reprmoted  in 
terms  of  finite,  elementary  nrits,  41  and  Electromagnetic  fields  are  modeled  with  a  network  of 
transnuMioa  lines  compriaing  the  field  space.  The  behavior  of  voUage  pubes  traveling  on  this  network 
of  tnaamiMoa  Uaei  is  analogous  to  the  behavior  of  ^ectromagnetic  fidds  traveling  in  a  homogenoons 
medium.  Equations  associated  with  voltage  pulses  on  traasmbsioo  lints  can  be  related  to  Maxwell’s 
equations  so  that  TLM  can  realist’cally  model  the  propagatiop  of  electromagnetic  fields  [1]. 

The  network  of  transmission  lines  intersect  at  nodes  which  represent  points  in  space  separated  by  a 
distance  41.  Voltage  pubes  Uundied  on  the  netmrk  scatter  ficom  point  to  point  in  space  in  a  fixed  time- 
step  4t.  One  of  the  mere  recently  developed  node  modeb  b  the  synuncthcal  condensed  node  created 
by  Johns  (?|.  Eb  symmetrical  condensed  node  far  modding  free  space  b  depicted  in  Figure  2.  Two-wire 
traumbsien  bnef  connect  the  ports  of  the  node  on  the  sides  of  square  ducts  made  of  insulating  material. 
In  aQ  rix  dirt-ctiens  of  propagation,  two  polaxisationj  are  carried  on  two  pairs  of  transmission  lines  which 
are  compktely  separated  throughout  the  network  of  transmission  lines. 

Each  traasmbnon  line  has  a  characteristic  impedance  equal  to  the  characteristic  impedance  of  free 
space,  i|o.  These  truumissioa  lines  link  the  s«nh  of  nodes  togsiher  in  Cartesian  fashion.  Twelve  voltage 
pubes  inddent  upon  the  twelve  pain  of  tmumissioa  Uses  produce  scattering  into  twelve  reflected  pubes. 
These  inddent  and  reflected  voUage  pubes  appear  on  the  termiuab  of  the  truasmission  lines  at  each  of 
the  twdve  ports  on  the  node.  The  voltage  pubes  ate  numbered  and  directed  according  to  the  arrows  on 
Figure  2  [2]. 

The  scattering  at  each  node  b  defined  by 


wh«r«  5  it  m  12x13  scatteriAf  ffl&thz  in  the  c&m  with  no  stubi.  a  the  column  vector  of  reflected 
pnliei,  ud  V*  ii  the  oolnnin  vector  of  inddeat  poUet  on  each  node  A  voltage  pnl*e  of  nnit  amplitude 
incident  upon  port  1  of  the  node  in  figure  2  proceedt  toward  the  center  with  Add  quaatitiei  £.  and  Bf 
Likewise,  the  ether  eleven  porta  have  field  'inastitief  aeeodated  »ith  them  By  applying  the  rnn«»rvmtirtn 
of  current,  voltage,  and  energy  to  the  symmetrical  condensed  node  of  Figure  2,  the  scattering  matrix 
becomes 


which  provides  the  oasis  for  scatteiuig  in  TLM  programming  |3]. 

After  the  scattering  prooeu  has  been  carried  out  on  e^ery  node  in  the  traasmisaion  line  mesh,  a 
oonaectkm  process  must  take  place.  This  conrmetion  process  takes  all  twelve  output  voltage  pulses  on 
each  node,  and  transfers  theca  to  the  corresponding  ports  on  adjacent  nodes.  At  the  same  time  a  node 
outputs  its  twelve  voltage  poises,  it  receives  twel/e  input  voltage  pulses  from  the  sin  neighboring  uodei, 
aasniuiTig  the  node  is  not  on  the  boundary  of  the  transmission  line  mesh. 

The  six  field  quantities  can  be  calculated  at  any  node  from  the  following  equations  [2]; 


E.  =  \(yj+vi  +  vi  +  vi^) 

=  iw  +  vj  +  vs  +  vj',) 

E.  =  iw  +  vs  +  v?  +  v.‘o) 

B,  =  ^(-v;  +  v;-i?  +  v;) 

B,  =  ^(»^-v;-v;  +  v7.) 

B.  =  j^(-v7  +  v;-vjj  +  v^;,).  (3) 

Tb  cmpkaicBt  booadanes  aad  snxfsces,  output  voltage  pulsea  incident  upon  a  boundary  art  multiplied 
by  the  proper  reflection  coefficient,  T,  and  injected  back  into  the  tame  node  as  inpat  voltage  pulses.  In 
the  following  analysis,  three  types  of  reflectios  coeffidenti  are  used.  For  the  case  of  a  perfect  electric 
conductor  like  the  surface  of  an  antenna,  f  s  -1.  At  the  edges  of  the  TLM  network,  T  =  0  so  that 
the  Adds  are  completely  tbsorbed.  Fbr  the  third  case,  an  infinitely  long  waveguide  it  modeled  using  a 
frequency  dependent  reflection  coefficient.  An  expression  for  this  reflection  coefficient  is  derived  by  using 
the  waveguide  impedence  at  the  termination;  the  individual  tranamission  Unes  have  an  impedance  equal 
to  the  impedance  of  free  ipaos. 
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2.2  to  tmr-flcld  trantformationt 

FV>r  many  ant«iir«a  coriigtiratiou,  tudi  aj  apartura  antcanaa,  it  it  poaaibia  to  take  tha  field  quantitiei  near 
the  aotenna  and  tranafonn  them  mto  a  far^fitld  radiation  pattern.  One  aach  technique  ia  a  mathematical 
technique  bated  on  the  field  e^iv^ience  prmctpie  [3] 

The  field  equivalence  principle  ailowt  actual  aourceaf  aucb  aa  an  antenna,  to  be  replaced  by  equivalent 
aonrcM.  The  fictitioui  iourcet  are  said  to  be  equitalent  within  a  refion  becauae  they  produce  the  aame 
fiddt  'vithin  that  region  (3]. 

Tha  fielda  ontaide  an  imagisary  cloeed  aarface  are  obtained  by  placing  over  tha  cloaed  aarface  suitable 
electric  and  magnetic  carrcnt  denaitiea  which  aatiafy  the  boundary  conditiona.  Ptoper  current  dentitiea 
are  aelncted  to  that  the  fielda  inaide  the  cloeed  taxlbce  ere  Mro  and  oataide  they  are  equal  to  the  radiation 
prodactd  by  the  actual  eoaroea.  If  the  fielda  outtide  of  tlw  cloaed  aurface  art  replug  an  ted  by  Et  vid  B| 
and  the  fielda  inaide  are  made  to  be  scro,  then  the  aarface  carrent  denaitiea  become 

J,  =  dkHi  (i) 

M,  »=  — B  X  El  (5) 

where  n  ia  the  outward  normal  of  S.  Vheac  carrent  denaitiea  are  then  aaed  to  determine  the  true  fields 
radiated  outside  the  cloaed  lun'acf'  by  the  eoarcee  within  it  (3]. 

AfW  the  carruAt  deasitiui  on  5  have  been  determined,  the  electric  and  magnetic  vector  poteotiala, 
A  and  F,  raipectively,  can  be  calculated  from 


where  k  »  ^  (A  is  the  wavelength),  and  &  ia  the  distance  from  the  source  point  to  the 

observation  point  (s, y,  a).  The  tot  U  fields  art  then  given  by 


E  =  -juA-j-i- V(V  A)-ivxF 

4*f^C  < 

(8) 

H  =  -jwF-i— V(V-r)  +  iv  X  A. 

u/fu  '  '  M 

(9) 

However,  these  formaLatioBs  are  complex,  tmd  the  integrals  are  dilBcnlt  to  evaluate, 
approximatioaa  which  are  valid  for  far- field  o^ervmtioas  will  be  iatrodaced  [3). 
Referring  to  Figare  3,  for  far-fUld  ohscniatsofu,  R  can  be  ^ppnnamated.by 

Therefore,  some 

R  c;  r  -  r'cosd* 

for  phase  vanations,  and 

(10) 

R^r 

(U) 

for  amplitude  variatioas  (3). 

is  Equation  10,  V  i>  the  angle  between  the  vectors  r  and  r'.  The  primed  coordinates  (z'.v'ij') 
indicate  the  space  occupied  by  the  sources  J,  and  M«,  over  which  integration  must  be  performed.  The 
unprixned  coordinates  (x,y,  i)  represent  the  observation  point  (3j. 
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Pifun  3:  CoordiAAtt  tr»ttm  for  aportnr*  antenna  analyiit 


Eqnatioat  6  and  7  <%&  now  be  written  aa 


*1t  JJs  R  ■4irr 

(12) 

^  ‘  jj  "“***' 

(13) 

r  =  f 

4«  JJs  <8  4irr 

(14) 

(15) 

EqnaticMu  13  and  IS  can  be  tiznpUfied  by  terparatiaf  them  into  their  s,  v,  and  z  compoaenti  and  then 

aainf  %  rtctancnUr-tO'tphehcal  component  traastomatioa,  to  pet  (3| 

= 

(16) 

N4  = 

(17) 

L$  a 

Uscostm*- 

(IB) 

Xe  = 

yj^(-«.tia#+  *aj’ 

(19) 

where 

r'eoet^  wc'aindcoe^  +  y'iiaPiia^+e'coed. 

(20) 

After  fubftittituig  Eqanlioni  16-19  into  Eqnatiost  8  and  9,  and  leparatiag  the  field*  into  ipbcricnl 
cotnposanti ,  the  total  £'  and  H-fields  can  be  written  at  (3) 


£,  a  0 

(21) 

S4  s 

(22) 

Et  = 

(23) 
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ff.  = 

0 

(24) 

(25) 

00  — 

tar  \  0  j 

B*  = 

{2fi) 

To  impkmtat  that*  lormtiUtiafti  in  a  ccmpatcr  prafTmin,  diicntt  vmioiu  of  tbnc  aquatioaf  arc 
aaad.  Aftar  tka  TLM  alforitkm  kaa  niD  for  taaaral  tkoaaaad  itaratknu,  tha  Ponhar  Irauionnad  fiald 
quntitiai  an  laaad  oa  a  rirtaal  nrfaca  jut  ittaida  (ha  oatar  boaadarr  of  tk*  TLU  satwork.  Thii  cirtoal 
tarfaca  ii  Ika  ani&ca  to  which  tha  aqoivalaoca  priadpta  ia  appliad.  Aa  al(ohtha>  iacorpofatinp  tha  abova 
formaiatioaa,  ia  diacrata  idna,  ia  aaad  to  calnilata  tha  radialad  E-  aad  B  lialdt 

2.3  Obtainiiig  circitLar  polarisation  pattarsa 

Tha  maaaand  data  providad  fot  tka  Mari  Obsarvar  low  |aia  aatanaa  waa  oblajaad  for  drruli  -  polar 
laatioa.  Tharafdra,  it  waa  aacaaaair  to  coaaart  tha  Uaaarijr  polaruad  far-Aald  data  producad  by  TLM  to 
drcniarly  polarised  pattarsa. 

Is  ordai  to  co&ipsta  circslar  poUriaation,  it  ia  coscasaast  to  daiisa  a  saw  pair  of  unit  vactora, 

An  w  (77) 

ii  •  ia  +  J«a-  (2*1 

Thaaa  aactora  comsposd  to  lima-aarTisf  unit  aacton  rotatiii«in  tha  njht-handad  aad  laft-kaadad  aasaat. 
raapaatiaaly,  whan  tha  thoinb  poiata  ia  the  diraettoa  of  propajatioa  [4]  Thu,  aay  wave  ftald  can  be 
writtaa  ia  one  of  tha  two  foliowiaj  fonai: 


E  * 

(29) 

or 

E  =  Effttii  +  f'r4t- 

Frooi  two  tqaAtwns  it  c«a  (hows  tb^t 

(30) 

Bk  «  5(Ea+J«,) 

(31) 

El  =  \(E.-,£,) 

(32) 

Circslv  poiarisation,  cu  ba  thoo(ht  of  u  a  aaparpoaitiOB  of  taro  apacially  orthofoaai  Uaaar  polansa- 
tiou  aaparatad  by  a  90*  phaaa  diflarasca.  Tkarafen,  ia  dreslar  coordiaatn,  £,  baaomu  £a  of  tha  fint 
polariaatios.  Likawin,  bacomu  lit  of  tha  aacosc  polariaatioa  which  ia  ;£a  of  tha  firtt  poiariaatioo. 

After  makta(  thaaa  isbatitntiou,  Eqoatiou  31-S2  bacoata 

Ek  =  i(E*-£a) 

(33) 

El  =  i(E.  t-£a) 

(34) 

iu  apharicai  coordinataa. 
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3  Numerical  raaulta 

A  eatt  Wat  nu  to  dottraiiu  (bt  ndiatiM  chtnctoutki  of  tb*  Uan  Ob««rr«r  totenot  dcsiia  of  Fiann  1 
A  croM-MctkM  of  tb«  TLM  otodol  for  thi>  Mfo  it  •borni  ia  Figiirr  4  Eiich  nod*  in  th*  TLU  network  it 
1  nm  on  anib  nd*.  Th*  dinsMtar  of  Ih*  wn'nfnid*  in  22  ms.  At  n  bnqnoacy  of  9.13  GHi,  thii  disnetcr 
i*  0  A  Th*  chobt  hn*  n  diaantcr  of  42  nun,  n  dnptn  of  2S  mm,  nnd  the  mouth  of  the  choke  is  recessed 
15  mm  beck  from  tbe  nfertnre  of  the  ssn**(tud*.  A  TLU  network  of  100  ma  on  ench  side  surronrds 
thin  nmaemneat.  Th*  diimininl  TEn  mod*  ms  lUowed  to  wepegnte  dam  th*  mvefuide  nnd  mnes 
mdisted  late  the  tnimadiag  TUI  aetmwk  modeliat  fro*  tpc«*.  After  15,000  iternUoae,  the  tuofentiel 
Uoctrw  eoK*.  sugMtic  Mde  won  mod  *■  a  rimel  eor&a  90  node*  on  ench  sid*.  Th*  aenr-  to  fu-li*li’ 
tnaUermntmn  ilanii^hm  prodneed  Elfni*  5.  hienentod  dntn  for  dicnlnr  polaiuntioa  oms  prorided  hr 
J*l.  for  cnmprrieo*.  This  ic***  shows  th*  menntod  pstuta  for  umlni  polniiantion  plotted  from  -90° 
to  99*,  th*  Ki  nnd  3*  pMSems,  SsU  th*  ri^ht-  sad  Isa-hnnd  drtslnr  poinrisntien  plots. 

4  Limitations  and  conclusions 

Thkt  pertsenUr  ens*  was  nm  cn  th*  cm;  sapnreompaur  to  tnh*  ndvnatsp*  of  the  crajt’s  memory  and  to 
fposd  *p  roa-tlaw.  Hosiotor,  ***a  th*  cm;  has  a  limit  on  th*  aiat  of  TLM  networks  it  can  handle.  This 
Kmit  seems  to  be  on  tb*  erder  of  10*  sodas.  Therefor*,  th*  eia*  and  reeolntion  of  the  stmetnie  beind 
modslsd  at*  alas  Baital.  Lihawias,  th*  aaaooat  of  space  tamnadiad  th*  aaunna  it  limited.  Eaongh 
fro*  spout  ia  froot  af  the  aadeaaa  shnald  H  modeied  so  that  aa  aecnrate  iopretealation  of  the  a*ar-li*ld 
doaaHtssa  *a  th*  rirtaal  aosfaca  caa  b*  psasratad.  th*  hlaia  Obeerrar  aattsna  desida  with  a  simple 
chahi,  1  X  10^  aadis  wmt  t«ad  is  th*  TUI  aaalpit.  Aateaaa  d**idiii  srith  larfer  chokes  caa  be  analysed 
aetap  TUI.  losaawa;,  for  4-dSBS  naas  mey  larp*  chohsa,  too*  tetolttioa  nay  need  to  b*  sacrificed 
Aaeaalytitofscln.  '  maavaids  eateBa*  with  a  timpl*  ehok*  has  bean  mad*  asiad  a  TLM  alporithm 
and  a  aaar-  ta  lar-IMd  tmaafarasatsaa  aldorithm.  Initial  raas  piodocad  radiatioa  patterns  that  adra* 
pait*  fiseorshly  adih  maasured  data.  Bettar  naalntioa  by  asiai  laifer  '"LU  network  tia«t  will  increase 
th*  accaiacy  of  th*  radiation  cktiactaristics  aaaiyaia. 
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COMPUTATION  OF  S-PARAMETERS  OF  A  MICROSTRIP 
MEANDER  LINE  ON  GaAs  SUBSTRATE  USING  TLM  METHOD 

Oumubuapp*  Eswirtppt  ud  Wolfging  J.  R.  Hoefet 

NSERQMPR  Tcladi  RoMSCk  Onr  m  RF  Eoiimiiit.  Dqmaeiu  of  Ekarictl  ind 
Caapata  Unraiky  et Vaaht.  Vkaaii.  B.C.  CANADA  VSW  3P( 

ABSTRACT 

In  ttiii  ptpei,  t  field  biMd  toree-djaieuioiul  time  dorntda  Trinsmmion  Line  Matrix  (TLM) 
method  baa  been  applied  to  analyze  a  micraitrip  meander  line  configiuatioa  on  GaAs  substrate. 
Both  tegular  and  variable  TLM  tneahea  have  been  employed.  The  scattering  patameters  obtained 
have  been  compaied  with  those  of  Sonnet  em  software  and  measurements  (available  dau).  The 
results  agree  well  indicating  that  the  TLM  method,  which  is  a  fuUwave  electromagnetic  solver, 
can  properly  account  for  the  strong  interactioo  between  various  parts  of  the  meander  line. 

1.  BfTROOUenON 

The  Tranamitsiaa  Line  Matrix  (TLM)  method  is  a  numerical  technique  in  which  both  space  and 
time  are  discretized  (!].  The  timitiation  of  propagatioa  of  electromapietic  waves  is  done  through 
scattering  of  impulses  in  a  3-D  meshed  network  of  traasmiaaian  lines.  This  powetful  and  versatile 
technique  is  suitable  for  microwave  and  millineier-wave  circuit  simulauao.  especially  when  the 
circuit  geometry  it  highly  inregular.  Also  ainoe  it  is  a  fuUwave  electromagnetic  salver,  it  con 
account  for  electromagnetic  imeraclioo  between  various  pota  of  the  circuit. 

The  meander  lioea  (2]  are  used  in  monolitluc  microwave  imegiated  circuits  (MMICs)  ts  delay 
lines  as  well  as  planar  inductore.  As  a  mettider  line  eouaisti  of  a  uniform  transmissioD  line  laid  out 
in  a  such  a  way  it  «o  minimize  the  qteeeiequiiBd.  there  will  be  sttoogelecaoinagnetic  interactioo 
between  yarioot  patt>  of  the  mammittion  line.  It  will  be  very  difiScult  to  take  cue  of  tuefa  intertC' 
POO  uamg  analyticel  methods.  The  TLM  method  is  ideal  for  analysis  of  such  structures.  Also,  the 
tiffle  domain  reaponaea  obtained  fixxn  the  TLM  method  ate  very  useful  when  using  them  as  delay 
lilies.  In  the  foUowiiig,  we  report  a  detailed  analysit  of  a  micraitrip  meender  line  coofigumioo  on 
GaAs  subttraK. 

There  are  tome  difEculhcs  associated  with  the  TLM  analysis  of  such  large  structures.  The  regulsr 
uniform  mesh  TLM  leidi  to  large  computer  memory  and  large  coarseness  and  dispersion  errars. 
We  have  applied  a  variable  mesh  scheme  baaed  on  Al-Mukhtar’s  and  Sitch’s  [3]  approach  to 
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reduce  tfaneeiTian.  Alto,  the  veriabie  metfa  tUontt  finiiig  of  the  exact  dimeasiont  of  the  iiructure 
into  the  TLM  meah.  Excitatioa  of  the  dnaiit  with  a  Gausxian  pulae  (ccniaining  narrow  band  he 
quency  compooenB)  fadlitalet  leaeiiing  the  tteady  tttte  faster. 

This  paper  also  compares  the  scattering  parameters  obtained  from  the  TLM  method  with  those 
obtained  using  Sonnet  em  software  and  measurements. 

2.  THEOdY 

The  symmetrical  coodrosed  TLM  node  (4j  (ahown  in  Fig.l)  bat  been  v'  ed  for  our  i:ii’ . «  a< 
tdvtntagea  of  tbit  node  srfaen  compared  to  the  expanded  TLM  node  are  t '  e  foUowin.  ;:  >  ’uri'  t  ay 
detciiptioa  it  eatier,  all  aix  field  compooents  can  be  defirsed  at  single  pose  in  sprri':,  ;  > .  tt.i'se  is 
no  dtspertion  in  axial  directiona.  It  has  six  branches,  each  branch  coosisli"-'  fi  uncoupled 
two-wire  tranamiuion  lines.  The  12  trarumission  lines  linking  the  Carter  :i  .h  of  nodes 
together  have  the  characteristic  impedance  of  free  space.  To  compute  the  scait '. 'ir,r  pi  rsmeters  of 
oteeader  lines,  we  need  the  incident  end  reflected  fields  at  the  iiqmt  post,  and  liiii  ansniitled  field 
at  the  output  port  Tb  compute  the  incidwit  field,  we  discretize  a  length  of  uniform  microalrip  line 
with  abterbing  boundaries  placed  on  aU  sides  of  the  eomputationel  domain.  Then,  we  include  the 
meander  line  in  the  computadonal  domain,  and  compute  the  Iranainilled  field  at  the  output  port 
and  the  total  field  it  the  tspiil  port  The  reflected  field  is  obtained  by  suburaenng  the  incident  held 
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Enm  the  total  6eld.  The  scattering  parameters  ere  then  determined  by  Fourier  transforming  these 
tiiDe  domain  wavefonns.  Good  quality  absorbing  boundaries  must  be  used  for  accurate  extraction 
of  scattering  parameters.  We  have  used  tbe  second-order  ooe-way  equanon  absorbing  boundanus 
[5]  in  tbe  main  propagation  direetioo  of  the  microstrip.  A  voltage  impulse  reflected  from  the 
absorhing  bouiulary  can  be  computed  from  the  knowledge  of  impulses  in  the  cells  in  front  of  the 
boundary  using  the  following  equanon: 

«  <a,  +  Oj) ♦<p,4-dJV*(ir- 1./.*) 

(T,  +1,  -  «,pj-P,a,)  V''  ‘  (n  -  l.y.  t)  -  (o,T,*T,i«,)  (m  -  1.  j,  t) 

The  interpolation  coefficients  are: 

C2) 

^  _  (a-S.d-bl)  <fl-l»g,6)  (-a-ii,) 

-t,M'  "  ”  (a-l-2,(l-6>-s.40’^'  “  {o- 1-»,(1 -6) -thO 


where  coefficieiits  0  and  b  ate  weighted  time  and  apace  averages  of  tbe  q>sce  and  time  differences, 
reapeetiveiy.  Ci  and  e,  ate  damping  factors.  Tbe  patameier  gj  for  the  uniform  mesh  is 

t,  •  2^(/,)  (3) 


wliiie  for  the  variable  mesh,  it  can  be  writien  as 


. —  h/'"*' 

where  Al**  is  tbe  unit  length  of  the  mesh.  This  ia  after  sceruting  the  eotiie  variable 

meeh  ao  ttaat  no  stub  impedanoea  or  adntiitanorj  are  negitive.  Al'~‘  ia  the  apace  resolution  at  the 
abaoibing  boundaries,  Tbe  ebcoibing  htxintlirira  oo  tbe  aides  and  top  of  tbe  meander  line  atiuciure 
sre  impkmenied  by  nietns  of  e  ample  xero  reflectiaa  coefficient 

3.  NUMERICAL  RESULTS 

Tbe  meander  line  configurttion  ia  shown  in  Pig.  2.  This  line  has  been  studied  earlier  by  W.  Prib- 
ble  using  Sonnet  eni  software  and  metaurements  [6,7].  Tbe  microstrip  line  width  and  substrate 
thickneea  ere  30  and  75  iim  respectively.  Tbe  dielectric  cnasunt  of  the  substrate  is  12.9.  First  the 
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Fig.  2:  The  microtlrip  mciniier  line  configuntion.  Dimensions  ore  in  (im  measured 
along  the  center  line. 


structure  was  discretized  with  a  unifdnn  TLM  mesh  of  size  (195x20x76)  with  the  space  resolution 
and  time  step  of  10  ilm  and  0.016666  ps,  lespectiveiy.  The  chamfers  at  the  mictosthp  bends  were 
approximated  by  stsiirasing  The  excitation  (jaussUn  pulse  width  (cotrespooding  to  -34  dB)  was 
25.45  ps.  The  values  of  the  effective  dielectric  constants  used  in  the  design  of  the  absorbing 
boundaries  were  8  J  and  9.5.  The  coefficients  d  and  6  were  taken  u  0.25.  The  damping  factors 
used  were  0.1  and  0.0.  The  tune-doc.. ain  responses  obtained  at  the  input  and  output  ports  aie  plot¬ 
ted  in  Fig.  3.  The  scattering  parameters  obtsined  have  been  compared  with  thoae  of  W.  nibble  in 
Fip.  4i.  4b.  and  4c.  The  major  difierence  between  the  TLM  and  Sonnet  results  is  the  shift  in  fre¬ 
quency  of  the  former  towiids  the  lower  end,  which  may  be  attributed  to  the  coetseness  error  of  the 
TIM  analysis.  Note  that  only  five  nodes  were  taken  across  the  width  of  the  miciostrip.  Next,  a 
variable  TLM  meah  of  size  (170xl8xl(X))  with  the  foUowiog  element  lizea  was  uied. 

The  elemeu  aizea  along  x:  (49x14.54  40x6.25  +  35x1454  4-  24x6.25  4  22x1454)  pm 

The  element  sizes  along  y:  (11x125  >7x14.54)  pm 

The  elemern  sizes  ilong  z:  ^xI454  >  86x6.25  >  7x1454)  |im 

Eight  nodes  were  tiken  ecross  the  width  of  the  microstrip.  The  unit  length  (d^)  and  time  step  dt 
were  2.686  |un  and  0.004476.  respectively.  The  exact  dimensionz  cf  the  structure  were  fitted  into 
the  ebove  viriable  TLM  mesh.  The  scattering  parametsra  computed  have  been  plotted  siso  in 
Figs.  4a,  4b,  and  4c.  This  tiffle,  results  agree  better  with  those  of  Sonnet  and  measurements.  The 
results  could  be  further  improved  by  employing  s  very  fine  mesh,  keeping  i  larger  distance 
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between  iLe  ezciutioa  end  umpling  pointi  (et  the  input  port),  end  pUcing  ibtorbinc  boundiries 
(do  the  side*  end  top  of  the  structure)  it  liiger  diitioces  from  the  strip.  IBM  RISC  System/fiOOO- 
model  3S0  and  HP  9000-model  733  computen  have  Se.'n  used  for  compuution.  The  computa¬ 
tional  time  for  the  unifcnn  TLM  algorithm  was  about  twelve  hours. 

4.  CONCLUSIONS 

A  ::)jcrcs)'ip  mcsrds  IkiK  :;on^gurstica  has  been  ttutlitd  using  the  3D-TLM  method.  The  re.  r 
seem  to  agree  well  with  the  available  data  ettcept  for  a  shift  in  frequency.  Application  of  the  vari¬ 
able  meah  (baaed  on  Al-Mukhtir's  and  Sitnh's  approach)  leads  to  better  results,  but  it  takes  more 
conqiutational  time.  The  coarseness  error,  which  is  due  to  imperfect  resolution  of  fields  in  the 
vicimty  of  sharp  edges,  has  been  the  major  source  of  emor  in  the  TLM  analysis.  This  could  not  be 
reduced  considerably  for  the  meander  line  structure  because  of  its  large  size,  and  limited  computer 
resources. 
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Time  Step 


Fip.  3:  Time  reepomei  for  meeader  line 


Frequency  (GHz) 


Fip.  4e:  Magnitude  orS-perameters  (or  meander  line 
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CQ«!P'JTAT10»*AL  STUpw*  OF  FACTORS  AFFECTING 
LASER  DOFPLER  VELOCIMETER  MEASUREMENTS 


Or  JoMph  E  WhaMrt 
3115  E  NnahoSIract 
Snm  VMa.  Ancona  85535 


Alwliaet 

Ttiia  papar  ditctaaat  a  Lanr  OcppMr  Velacimatar  (LDV^  Simulation  (LDVSIM).  Rapreaantativa  ratults.  induda 
lima  hialonaa  of  photocurranta,  dlitributian  of  phofocurrants  itMwng  thair  Gauaaian  bahavior.  affacta  of  varying 
acattarar  aiza,  affecta  of  valoeity  vailatiana  viitliin  tha  meaaurefTw<it  voiuma  (mv).  and  oil  affauts  of  Fun  mean 
IkM  through  tne  mv.  Empftaaia  ii  on  tha  fluid  chaiactanahca  aa  oppoaad  to  hardware  cnaraccanatica. 

1.0  bitnidiictian 

LOVi  are  davicaafbr  determining  valodliaa  of  aoM  oOiaeta  and  fluidt  containing  pardculataa.  Fluid  applicaOona 
mvofva  tavaial  phyaical  phanomana  that  aie  of  inlaraat  eg.,  convactne  flow,  Brownian  motion.  Brownian 
mahan  feiiHi  tha  abiirty  of  Cha  LOVa  to  masaura  low  velodliaa.  LDVSIM  waadaaignad  to  baatmpla  and  provides 
an  altamativa  to  mors  aophiaticalad  modela.  Oeapita  its  aariptcity,  LDVSIM  has  piovidad  aigniflcant  inaignt  mto 
LOV  bahavior.  Also.  LDVSIM  providsa  a  means  of  vaSdaling  mon  comptcatad  modela  Simplicity  in  modaimg 
is  achiavod  by  oonaidefing  the  problam  aa  an  alactiomagnstit  icaltsring  problam.  Each  acattarar  in  tha  mv  is 
eonaidared  to  be  a  source  of  a  aphatical  wave  that  IS  reflactad  from  Oieacattarera  onto  the  photo  dalactor.  The 
total  field  at  the  dutactor  is  tha  aum  of  the  lielda  from  tha  Individuslacatiarera.  Obviously,  if  one  needs  to  modal 
the  mttont  of  acattarars  typicsily  anoountcied,  the  LDVSIM  approach  is  impractical  from  a  computational 
parapacliva:  hoarevar.  at  it  thcwn  later,  as  Mw  at  32  acatterets  are  tufflcttm  to  Obtain  the  Gaussian  behavior 
tar  photocunents  that  it  expactsd  in  the  IkniC  of  a  Itige  number  of  scattefars 

2.0  Laaer  '  oppier  Vaioeimsttr  (LDV)  Oparsdng  PrInelpiaa 

Bacauta  of  the  Doppler  effacL  the  frequency  of  light  tcattartd  fiom  a  movsig  obiact  Is  shilled  with  respect  to 
thaincidantlighi  [1.2].  Since  the  velocity  of  tha  aeatterers  of  interest  a  considetably  lets  than  the  speed  of  IlghL 
the  Oopplar  frequency  ttiHI  it  only  a  imall  fraction  of  the  optical  liequancy.  Since  measurements  at  optical 
Iraquanciai  ara  impcaetleal.  'down  mbdng'  to  lower  fiequsndas  is  amploysd  to  bsntlata  to  a  maasmabla 
flaquancy  range.  A  common  approach  to  frequancy  shiIBng  is  iTuilratiil  in  Figure  1,  Tha  laaar  boam  is  split 
into  two  components:  tha  lafaranca  beam  and  tha  Ineident  beam.  The  isfetanca  beam  is  shifisd  in  frequency 
by  Bragg  celt.  Tha  sicidanl  beam  is  rellaciad  from  tcalleteis  in  the  fluid  madhrn  and  returns  aa  the  scattered 
baam.  Boot  tcansrid  and  lefsieiica  beams  are  dirtdad  to  a  photo  datictor.  For  stationary  scattsrars.  the 
photoeuiTtnt  lltMi  the  photo  dstacter  wB  oaitilMa  at  tha  traquancy  dHlertnce  between  tha  scattered  and 
refererja  beams.  A  shift  In  ftequincy  of  the  scatterad  baam  caused  by  scattsier  motion  will  appear  as  a  shift 
in  frequency  cf  the  photocunent  power  speeds 

The  output  of  tha  photo  detector  is  amplifled.  flitered  to  remove  it  outsida  lha  frequancy  band  of  interest, 
and  demodulated.  Tha  shift  in  the  spectrum  of  tha  demodutetsc  .lOtocurrent  is  proportional  to  the  velocity  of 
tha  scattsrars.  in  typical  laboratory  applicabons.  provision  is  made  to  extract  tha  photocurrent  bme  histories  m 
a  oomplax  anvetope  rapresantation  One  way  of  achieving  this  is  illustrated  by  the  electronic  components 
eppee^  in  Figure  1.  Other  LDV  canflguratione  are  prate  Wed  In  Raterencas  [3.4] 
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3.0  OvMvtow  of  ttw  LOV  Slmiitaflon  (LOVSIM) 

Fundionol  (low  tnlliin  LOVSIM  ii  prevMad  in  FIguro  2  Tlwm  am  ttiraa  major  componants:  an  Intaractiva  Satup 
Prooadura  (SETUP),  a  batch  ohanlad  Compulabanal  Procadura  (COMPUT).  and  a  Poft  Processing  Procedure 
[POSTER).  POSTER  contains  spactnim  analysa  modules,  signal  processing  modules  including  phase-locked 
loops,  statistical  analysis  modules,  and  graphics  modules.  POSTER  was  devatoped  (iist  and  used  as  a  tool  to 
dsvalap  the  algorithms  in  odier  portiona  of  LOVSIM  In  addition  to  obtaining  Inputs  from  the  user  required  to 
nin  COMPUT.  SETUP  provides  managamant  aarvicas  tor  Input  paismalars  and  tor  output  results,  control  options 
tor  COMPUT  and  POSTER,  and  amhival  sarvices. 

LOVSIM  la  a  combinalion  of  Ume  stop  p'ooaaaing  and  avant  proeaaaaig.  Photocunants  are  computed  at  a 
unitonn  tSna  step  spacMad  by  the  user.  Events  can  occur  at  artarary  times,  but  are  assumed  to  tall  on  the 
urdtorm  Ume  stap  boundartos.  Evants  induoa  computor-program  control  options,  eg.  time  at  ivhich  to  turn  data 
colaclion  onfoff.  conditions  undarwhioh  terrranauon  is  to  occur,  phyoicsl  avoiils  sucn  js  plaifonn  sccels'atlons. 
and  many  oChar  avants  corraspondlng  to  physical  phanamana. 

LOVSIM  IS  highty  modular,  with  major  modulea  tor  aaeh  of  tha  ilams  liatad  in  canter  of  Figure  2.  Thus,  it  is 
lalidvely  easy  to  laplaoa  a  modula.  such  as  the  model  tor  lha  mv  flow  Md.  Although  not  » true  "plug  and  play’ 
capability  tinea  a  compile  step  is  requrad.  the  capability  piovad  adequate  in  supporting  a  large  number  of 
inveatigaltons  in  a  timely  manner 

4.0  Mathiwiillcal  Fonaulatlona 

Ataumptions  and  ovenriew.  Tha  key  eaniing  elemint  in  tha  LOV  It  a  photo  dataclor  tha  output  of  which  is  a 
photocurranL  To  obtain  lha  velocity,  die  sleclronie  portion  of  the  LOV  Jetatmlnes  the  phase  rate  speebum  tor 
the  photoeuiient.  Tha  magnitude  of  tha  frequency  shift  of  the  phase  rate  spectra  is  proportional  to  tha  relative 
vekiicily  between  the  LOV  and  the  scattareis  in  the  mv  Tha  following  assumptions  are  made:  (1)  The  beam 
incident  on  the  acellarar  Is  a  plana  wave.  (2)  The  scattered  beam  incldani  on  tha  photo  datector  is  an  out¬ 
going,  tphaiical  wava  having  Its  origin  at  tha  acallarer  (3)  Tha  total  seaTarad  alacfiic  fiald  ncidant  on  the  photo 
defector  is  the  sum  of  tha  elactric  fields  from  aaeh  scattartr.  (4)  Tha  letorenoa  beam  inddant  on  the  photo 
detector  Is  a  plane  wave.  An  ovennaw  of  the  mathamabcal  modal  Implemented  in  LOVSIM  follows. 

Ehotocunenti  and  Ehasa  Rate  Extresskios.  The  photocuirenl  is  given  by  13.4): 

»  «r  (1) 


wheie  £)•  elictiic  IWd  of  retoreoce  (r)  beem  lepreienled  by  a  plena  wave.  E.,*  electnc  field  from  scattarer  (a) 
beam  lepnnantad  by  a  spherical  wave,  N  •  number  of  icatteiers.  *  >  complax  conjugate 

Tha  hist  taim  on  the  right-hand  alda  of  the  above  equation  is  a  conatani  bias  term  tha.  is  assumed  removed 
by  the  procaaiing  system.  Alto,  tha  variability  of  ttia  above  exptessian  aeroas  tha  face  of  the  photo  detector 
it  i|pwi^.  Carrying  out  tha  multiplication  laadi  to  tha  tohowing  axpieaiion  tor  the  photocuneni: 

■•i  (2) 


(3) 


102 


wtm  •/'  -  drffennca  li«qu«ncy  txtWMn  f«l*r*ne«  bMm  and  ma  madtnt  baam;  /*.,  S,  «  tarma  containing 
wava  number,  later  intantity.  and  gaomatncal  paramatan:  o„  •  tcaltanng  oots  MCbon  (or  ttia  mtn  tcaitarar 
q  n  various  noiia  touroas.  eg.  shot  none  (J).  refarance  (r).  incidant  (0.  tcattarad  (t)  beam  noise 

Tbs  complex  envelope  repnssentatien  for  J,  n  given  by, 

(4) 

where  the  I  and  O  are  referred  to  as  the  ’'inphaaa'  and  'quadietura*  oompcnents  To  obtain  expressions  lor 
I.  aifd  Q,,  la  mixad  with  oos(ai't)  and  tinCwT)  terms  The  inphaaa  comporant  is  given  by. 

2.-(l/2)i4,0.(C08(2(p'tr^,'ri1,^^)  *008  )  <■ 

It 

A,<r,C0B  (u'c)  £  A„0„C08  .  (5) 


A  Similar  expression  n  obtained  for  the  quadrature  component:  however,  cosine  tarma  am  lepiaced  by  sine 
terms  and  .ne  second  ana  term  k.  negadve. 

The  lequired  phata  rata  from  i  hich  veiocitiea  can  be  detarminad  is  obtained  by  dWemnbat/ig  the  arc  tangent 
of  the  ratio  of  quadrature  to  inphaaa  oomponenta: 


•  (6) 

Altar  taking  the  bma  derivative  of  appropnata  terms,  a  messy  job.  an  axpresalon  for  the  bme  rata  of  change  of 
phase  can  be  obtained  in  terms  of  the  bme  ratas  of  change  of  gaornetncal  factors,  scatteier  vstoatias. 
propagation  media  charactenatics,  scattarar  mass,  and  noM  sourcas 

Scatierer  Positions  and  Velocities.  The  simutation  computes  the  value  for  the  phase  rata  at  bme  intervals 
specrIM  by  the  user.  At  any  pnrticular  bme.  the  particles  wM  have  a  veiocily  cauaad  by  Brownian  effects  and 
by  tha  fluid  vatooty.  The  vatocily  diabibutlon  asaocieted  with  Btwnian  motion  is  given  by. 


If- 


C)  *( - 2! - )t/j 

2itJrT(l-exp(-2TC) ) 

exp(-m<u-Uoexp(-TC) )  V2Jcr(l-exp(  -2tc)  )  )  , 


(7) 


when  u,  ■  velocity  at  f  -  0:  u  «  instantaneoua  valocity  of  a  scattarar  (  •  bma;  m  ■  scattarar  mass:  It 
Boltzmann's  corutant:  T  « lamparabjia;  y  ■Cevr/in:v*  viacoeity.  kg/(8ac-m):  r  >  scattarar  ladiua. 

The  above  expression  is  Gaussian  with  standard  deviation  and  mean  given  by: 

o-(icr(l-€Xp(-2TC) )  /m) 


u»Ujexp(-Tf  t)  . 

Module  BROWN  computes  Browniaii  veloerties  using  a  Gaussian  distnbutian  using  the  above  parameters 

Between  times  it  which  Ine  pnatocurranl  and  phaae  rata  are  oomputad.  tha  scaltaiers  are  subtaci  to  collisions 
with  surrounding  molecules  Asa  result,  the  scattarsrs  difluae  in  and  out  of  tha  rm .  To  capture  these  effects, 
new  positions  are  oomputad  for  tach  bme  step  using  the  dtsbibubcn  for  parbcle  diffusion  [5]: 
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P,(Xa,x,  t)  -(mT’/2itJrr(2Tt-3'»*exp(-Yt)  -exp(-2YC)  )  ) 
exp  [ -my’  (x-x^-Li„(l-exp(-Yt)  )  /y)^/ 
(2>cT(2YC-3+4exp(-Tt)  -exp(  -2Yt)  )  )  ]  . 

¥vt>«r«  \  «  tnitai  particle  position,  x  »  particte  position  m  t 
Tha  abova  form  «  Gaussian  wttfi  ttaridarp  davtation  arKi  maao  givan  by: 

<J,-(JcT(2Yt-3*4exp(-Yt)-exp(-2Yt:)  )/<mY’) 


<x>«x„*u„a-exp(-tt) )  /y . 


Modul*  BROWN  ooirputei  changes  in  position  esussd  by  Brownian  allacts  using  a  Gaussian  distribution  having 
tha  atxM#  paiamatars.  Thssa  changes  ars  adiMd  to  poaifcn  changes  associatsd  with  other  ItuKt-bow  eitments 

Apvh..4i'.)te  r^niMs  tar  othar  lelocity  affects  can  he  incorporated  into  LDVSIM  by  replacing  the  particle  velocity 
module  (VEUMTi  ^li  an  appropriate  velocity  field  motfei.  One  model  ussJ  for  this  paper  lep.asc.  .1.*  fluid  flrw 
in  a  convection  veil  [8].  The  raquiiad  scattersr  valocirias  are  oUainad  by  a  two  dimensional  interpolation  within 
msesiirsd  velaetty  IMds.  LDVSIM  has  ai  option  to  superimpoae  a  linear  ttow  Md  on  tha  mv  so  that  transit 
broadening  effects  can  be  invastigated.  One  other  velodty  component  mat  is  modeled  a  LDVpiatlomi  motions 

8.8  Rapraeantettva  Rasutte 

Roiulti  era  pretented  in  Iho  ligutae  that  follow  the  lext- 

Photocurrent  Tima  Hleforv  Characteristics.  Figure  3  contains  inphass  and  quadrature  oma  senes  for  Brownian 
motion  In  additian  to  tepid  huctualions.  the  data  exhibit  low  fraquancy  behavior  cauaad  by  Brownlah  dilfusnn 
of  pantnee  tn  and  out  of  the  my.  The  everege  number  of  ecatterers  is  32. 

Photocurrent  Statistical  Charactaristics.  in  many  analytic  dsitvadcrw  the  number  of  partidas  is  assumed  large. 
Typically,  a  mv  ocnlane  thouianda  of  acabamre.  eften  miliians.  Senuiaticn  rune  nvciving  large  number  of 
parbclet  tor  long  perioda  of  aimulatid  lima  ■vepronibibve  beceuee  of  long  ocniputationil  times  TTius.  it  is  worm 
dtttmenlng  how  many  scitlafeta  need  to  be  ineluded  in  the  smsilalion  to  Obtain  raaionabls  siabstical  agraemenl 
with  the  many-acattaiercaaa.  HMogwiW  of  tha  inphaae  oompunanl  cl  photocuirant  for  a  single  acaltarar  (line) 
ara  compaied  with  a  32-acattafar  eaae  (thadad  portion}  in  Figure  *.  Tha  32.dcattafar  case  paeaaa  the 
Kotmogonav-Snaiiioff  teat  tor  Gauaaianity  at  tha  89%  conlManca  leval. 

Photpcurrent  Pmaer  Soactra.  It  scaliiiar  inaitial  elfactt  ara  ignarad.  tha  power  apactra  of  the  photocurrents 
tor  Brownian  motion  wiN  be  Loientrien.  As  martial  afiacti  are  Intioducsd.  ms  spsi^  wW  have  e  lower  value. 
A  companion  of  the  output  hom  the  limulation  which  oocitsicis  SiaitiM  effSeta  (See  Eqt.  7  and  8)  with  mecone- 
apoiiding  Lorsntzlah  pratSa  is  pieaantad  in  Figwe  5  Note  that  tha  trend  ii  as  axpactad. 

Biownian  Mobon  For  thaia  rune  ab  effaeta  except  Srownisn  motion  ware  turned  off.  Five  ditferent  simulations 
were  conducted  corresponding  to  Itvs  diffsreni  seetlerar  messes  As  mass  incraasss.  the  Brownian-veiocity 
disthbulian  piaks  st  tower  vetoabss  Thus,  power  at  high  fieguencias  win  decrease  as  icallarer  mass 
increisss.  Thsse  alfscis  sre  liustritad  m  Figure  6.  which  contains  a  power  spectra  for  me  photorurrenis. 
Ultinnialy.  thevetocity  of  the  fluid  is  determnad  by  the  sliiR*i  the  power  spectre  of  the  photocurrent  phase  rale 
Power  apactra  tor  photocurrent  phaaa  ratas  tor  live  diffsrant  paiticia  sizes  are  iUustrated  in  Figure  7  The  nose 
floor  for  me  1  micron  scaitsteis  is  signtflcant 
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VilQCitv  VanabBtv  HKithin  Ww  im  Vakiaty  dtminlty  cffacti  Mn  invMligatad  introducing  a  convoctira  (low 
pattam  conaiating  of  two  mMm  TTw  addtaa  ana  aaaumad  ganaratad  by  placing  a  tamparatura  gradiant  acroaa 
a  on  call  oenlainato  tba  aHipaaid  mv  anth  ita  long  aida  at  a  tO-IS  dagiaa  angla  wait  laapaci  to  itta  3x2 
cnt  laca  Fluid  flow  la  up  at  ma  cantar  ol  ma  mv  and  down  at  aflhar  and  Placaig  acaltarara  m  two  groups  ai 
tits  anda  ol  ma  mv  raaulls  at  a  valocay  componant  toward  Iha  datactor  tor  ona  group  and  away  from  ma  datactor 
for  ma  omar  group  Tia  pnaaa  spacirum  has  (wo  paaka  conraaponoing  to  ma  two  groups  of  scatlarars  as 
iflualratad  at  Figuia  >.  Aa  lima  paaaaa  ma  scaoarara  mgrata  mrougflout  Ota  mv  bacauaa  ol  Ota  convactr  a  flow 
Altar  aavaral  matulaa.  ma  raautong  apacinan  ■  aa  ahstMIso  St  Figuia  8  Nola  Ota  broad  nalura  of  Ota  apactrum 
Tlta  lack  ol  poarar  ouUda  ol  2S0  Hi  raflaela  Ota  mammunt  vatoeWaa  at  tha  caS  tor  eta  Otamtal  gtadwnt  appnad 
Ttia  narrow  laolalad  paak  at  Ota  Ian  may  rapraaant  bappad  paimiai.  howavar,  Hw  Itaan’t  baan  ngoioualy 
oonflrmad. 


A  oompaitaon  of  phasa  iMa  apacira  tor  miaa  dUhrwnt  tmmal  giadlanla  aooaa  ma  convaOiar  oak  a  klusbatad 
ktFlguna  10.  Aa  Ota  lampaialura  meraaaaa.  oonvaedva  paaanta  aia  aataplialtad  and  eta  aeanarara  valoeiliaa  aia 
no  Mngar  xaro  Innaaaatg  Ota  tampamura  providaa  a  graalar  oonoanOMon  ol  Itigit  apaad  aeanarara  wlticp 
meraaaaa  ma  apaemal  ipraadmg 

TgQgjUigpgigQQg^  Traitak  braadartatg  altocta  taaia  mvaallgalad  by  mbodijcirtg  a  maan  flow  at  Hta  mv  Two 
caaaa  wara  aimulalad  conaipaitdmg  to  two  dillaratti  vatocitias  TItM  raaulla  ara  piovidad  in  Figura  1 1  The 
dotlad  krta  lapraaanta  Ota  higliar  apaad  Tha  Itighar  apaad  caaa  lata  (b).  •  wgniflcantly  broadsr 

(.0  Cotielualeiw 

Tlta  basic  alamanta  of  Laaar  Dopplar  Vatocknatar  (LOV)  opaiabona  as  appkad  to  fluid  vatocay  maasuramania 
hava  baan  diacuaaad  and  ta-arttorcad  asm  computabonal  rasufla  Tha  LDV  aspada  dkistratad  st  mis  papar 
raptaaant  only  a  smak  flacbon  ol  Ota  total  praWm  AddWonal  phanomana  Oiat  may  ba  ol  ittarast  tor  lutura 
mvaabgabona  nckida  acanarar  ahapa.  acaeaiar  optical  laflsctanca  clfadanatica.  acattaiar  mtantal  dyrtamica. 
pMIfltrm  tnbrabons.  tuitxaanoa  m  Ota  vemNy  ol  tha  plaltorm.  and  signal  pnxiaaaatg  lattoamanta 

Oavatopkig  modala  and  kttaabgabng  LOV  ayasama  pnomdad  a  oonvsnMnl  maana  to  stvaabgala  fundamantal 
phyacal  phanomana.  such  aa  Bwwman  motion,  wava  prupagattnii  througlt  random  madia,  optical  ayatamt,  flux) 
flow  tharmal  dynatmea.  and  atoetromc  ayaiama.  Eatablahaig  LOV  axparaitattts  at  acadamc  statitutaa  tor  Ota 
purpoaa  ol  miiartgatlng  LOV  ayaiama  ■  rsoommandad  aa  a  base  laaaarcJt  andaavor  and  as  a  laactiiftg  aid  to 
Wustrala  modam  sspaett  ol  lassr  ay  llama  as  wak  aa  tondamantal  phyaal  pnanomana 
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Figurr  ).  InptwM  and  quadrMuf*  eomponants  fpf  Brownian  motion. 


FREQUENCY  (HZ) 


Figuraa.  Photocuirrint dlatrlbutions.  Figures.  Compariaon  of  ahnulaiad 

pitoiociiffant  wIBi  fiworeiieai  pre¬ 
diction. 
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Figui«  6.  Comparison  of  ptMtocurrant  apoctri  for  Dvs  dHiarom  acattoror  maiwos. 


Figuro  7.  Comparison  of  phass  raw  spsctra  for  fivs  diffarant  acatlarar  masaas. 
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Figura  8.  Photoeun»irt  •pactra  ter  oofwinilonn  distrttiution  of  •cattenr  location  at 
tho  baginning  of  tho  simulation  run. 


Figura  9.  Photocurrant  apactia  altar  acattarara  hava  disMbuM  thamaalvaa 
througnoiii  iht  maaaufaifianl  voiwiii*  at  anu  of  siMiulation  run. 
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Flgum  10.  Photoeurram  •pactn  for  eafiv«ctiofv«*ll  mv  at  thro*  difforont  tomporatura 


Figura  .11.  Photocurrant  spactra  at  Pm  dlfftrant  maan  flowa. 
(a)  Moan  flow  ■  10  cm/sac.  (b|  Moan  flow  •  IS  cm/aac. 
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Introduction 

The  transmisaion  line  matrix  (TLM)  method  is  a  very  powerful  technique  for  solving 
electromafnetic  problems.  A  single  computer  algorithm  can  be  used  to  analyze  a  wide  variety  of 
electromagnetic  intenction  problem  siiice  atfaitraty  media  parameters  and  boundary  conditions  can  be 
changed  snnply  by  tiiodif;  ing  an  input  file.  The  simulates  waves  propagating  in  the  time  domrin 
wiih^  a  space  that  has  bMn  discretized  into  transmission  line  sections,  called  TI  M  ‘nodes'.  Voltages 
and  currents  on  these  nodes  correspond  to  electric  and  magnetic  field  quandties.  Two  dimensional 
space  is  discretized  into  four-port  nodes,  and  three,  dimensional  space  may  be  discretized  into  12-port 
syttairetrical  coodensed  nodes  [1].  A  pulse  entering  one  pon  of  a  node  is  scattered  to  the  other  pons 
based  upon  a  scattering  m,urix  which  can  be  derived  for  either  the  2D  or  the  30  node  and  can  include 
the  effects  of  material  partineteTS  such  as  permittivity,  permeability,  and  conductive  losses.  The 
scattered  or  reflected  pul«  leaving  one  pen  of  a  node  beco^  an  incident  pulse  on  the  appropmie  port 
of  an  adjacent  node.  The  TLM  method  is  then  a  two-step  iterative  procedure  chat  flist  involves 
scattering  cf  incident  poises  at  ev^  node  followed  by  a  connection  step  to  pass  the  reflected  pulses  to 
adjacent  nodes.  Repeued  application  of  this  scattering-connection  process  results  in  an  output  function 
at  some  observation  point  (output  node)  which  consists  of  a  tnin  of  pulses  in  time  which  may  be 
Fourier  tnnsfoimed  n  obtain  a  frequency  response  or  convolved  with  an  irbimry  dme  domain  input 
sequence  to  get  a  oomsponding  output. 

The  TLM  method  can  be  used  to  calculate  the  fields  scattered  fiom  arbitrary  bodies.  By  exciting  a 
particular  group  of  nodes  (a  line  of  nodes  in  the  2-D  model  or  a  plane  of  nodes  in  the  3-D  model),  a 
plane  wave  will  b^gin  propagating  through  the  mesh.  If  the  bistatic  RCS  is  desued,  the  scattered  fields 
resulting  fiuni  this  plane  wave  encountering  the  body  are  determined  along  a  virtual  surface 
smoundini  the  body.  One  way  to  calculate  these  fields  is  to  obtain  the  total  fields  with  the  scanerer  in 
place,  and  me  incident  fields  with  the  scaiterer  removed.  The  scattered  fields  ate  simply  the  difference 
betwm  the  total  and  the  incident  fields.  The  resaitl".g  fields  are  then  used  to  determine  the  far-field 
pattern  [2,3]. 

One  ci  the  difficolties  in  obtaining  RCS  through  numerical  modeling  is  that  the  incident  plane 
wave  must  appear  infinite.  This  reqiuremeni  is  ofta  met  by  making  the  mesh  very  large  along  the 
wavefront  However,  a  Isge  mesh  containing  tnany  nodes  will  require  a  lengthy  computation  time. 
One  way  to  simulate  an  infinite  pane  wave  with  a  more  manageable  mesh  size  is  to  implement 
“magnetic  walls”  that  gui^  the  plane  wave.  These  magnetic  walls  are  p^ectiy  reflecting  boundaries  of 
infinite  impedance.  This  approach  is  r  Itquaie  for  obtaining  the  incident  fields  (since  there  is  no 
scanerer),  but  the  magnetic  walls  would  interfere  with  waves  reflected  off  the  scanerer.  Ideally, 
scattered  fields  see  only  absorbing  boundaries,  wMcb  in  the  2-D  TLM  model  can  be  realized  by  using  a 
reflection  coefficient  of -0. 1716. 

An  approach  to  this  problem  is  (o  run  a  total  fields  case,  which  includes  the  scanerer  along  with 
absorthng  bwdaries,  oancutrenily  with  the  incident  fields  case,  which  omits  the  scaiterer  and  has 
magnetic  boundaries  to  make  the  plane  wave  appear  infinite.  During  each  itetabon,  a  scaled  poition  of 
the  pulses  reflected  at  the  magnetic  boundaries  for  the  incident  fields  case  are  injeewd  into  the 
boundaries  for  the  total  fields  case.  The  details  of  this  approach  are  described  in  a  previous  work  [4]. 
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Fig.  1 :  3-D  depicdor  and  side  view  of  a  cavity-backed  slot  antenna  mounted  on  an 
infinite  graund  plane. 


The  aiiuadon  is  itxire  complicated  when  the  scanerer  consists  of  an  element  mounted  on  an 
infinite  ground  plane.  When  a  plane  wave  is  incident  upon  an  infinite  ground  plane,  it  is  mflected  (or 
scattered)  as  a  plane  wave.  For  a  normally  inddeni  plane  wave,  the  incident  fields  and  thoK  scaitei«l 
from  the  ground  plane  may  be  tnaintained  along  the  boundary  by  using  magnetic  walls  with  reflection 
coitflicieni  +1.  However,  there  would  also  be  scattering  from  an  element  mounted  in  the  ground  plane 
whir''  >vould  require  an  absorbing  boundary  to  prevent  re-scattering.  Thus,  the  problem  of 
simultaneously  maintaining  the  incident  plane  wave,  and  the  two  scatioed  fields  (front  the  ground  plane 
and  from  ite  inoumed  element)  arises.  This  ^per  will  discuss  a  solution  to  this  problem  using  a 
ca--'  .backed  slot  antenna  mounted  on  ibe  infinite  ground  plane  in  a  2-DTLM  mesh,  as  shown  in  Fig. 
t.stample.  These  antennas  are  commonly  us^  in  airoiaft  and  space  applicadons  because  of  their 
lounting  abilities  (S]. 


Ap  .ch 

Deennination  of  the  scattered  fields  fioni  a  cavity-backed  slot  antenna  mounted  on  an  infinite 
graund  plane  requires  an  adequate  model  of  the  infinite  ground  plane  in  only  a  finite  TLM  mesh.  One 
method  i-  o  truncate  the  ground  plane,  but  allow  it  to  remain  excessively  large  compared  to  the 
tmuntud  .ment  This  inmhod  raises  several  questions:  How  much  larger  than  the  mounted  element 
does  the  ground  plane  need  to  be?  Is  the  size  of  the  ground  plane  dependent  upon  the  number  of 
itent  '  -on?  In  addition,  how  leng^y  a  run  time  can  be  tolerated  for  a  large  mesh?  A  second 
mmbou.  ...c  one  we  will  describe  in  this  pa|w,  is  to  employ  a  pulse  injection  technique  to  handle  the 
reflected  plane  wave.  This  approach  is  similar  to  one  taken  in  modeling  an  incident  plane  wave  [d]. 
This  approach,  a  plane  wave  injection  technique  for  the  incident  plane  wave,  will  be  reviewed.  Then 
we  will  show  how  a  similar  method  can  be  a^  to  model  the  plane  wave  reflected  off  of  an  infinite 
giDundplane.  Rgure  2  shows  the  actual  TLM  model  of  a  cavity  mounted  in  a  ground  plane.  Thisisan 
^iproximaiion  of  the  cavity-backed  slot  antenna  case  where  now  the  slot  dimensions  are  actually  equal 
to  the  cross-section  of  the  cavity. 
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Absorbing  boundary  .  r»4).1716 


Fig.  2:  A  representation  ok'  (he  2D  model  for  the  cavity  mounted  on  an  infinite  appearing 
ground  plane.  Tlie  plane  wave  would  be  normally  incident  from  the  top,  and  the  field 
points  are  deeennined  at  the  indicated  nodes  1-8. 


Pulae  Injcctioii 

Our  problem  requires  simulation  of  both  an  incident  plane  wave  and  a  plane  wave  reflected  from 
an  infiniie  ppund  plane  while  sininltancausly  aburbing  the  field  scattered  fioin  the  cavi^.  An  accunie 
and  dine-mlciem  tnohod  to  model  an  incident  plane  wave  is  to  maintain  the  absorbing  boundaries 
while  injecting  pulses  previously  calculated  (4).  These  injections  maintain  the  integrity  of  the  plane 
wave  by  allowing  it  to  appear  to  be  non-attenuating.  Since  the  absorbing  walls  cannot  distinguish 
between  incident  and  scattered  waves  in  the  total  fields  case,  -0.1716  tunes  the  incident  field  is  also 
reflected  at  the  bound^.  Therefore,  the  incident  field  pulse  at  a  pon  next  to  the  magnetic  wall  is 
muldplied  by  1. 1716  and  then  added  to  the  total  field  ^uise  at  the  coiresponding  pon  next  to  the 
alKOtbing  wall.  The  pulses  to  be  injected  miy  be  deienmned  by  tunning  a  one-dimensional  string  of 
nodes,  IS  shown  in  Fig.  3s.  For  exainple,  during  each  itetation,  the  pulse  at  port  p  in  Fig.  3a  is  scaled 
and  injected  into  port  p'  in  Fig.  2.  This  technique  works  well  for  normally  incident  piMe  waves  and 
may  be  modified  fer  oWque  incidence  cases  using  a  dnied  pulse  injection  technique  for  both  the  initial 
excitatian  and  the  maintenance  of  the  plane  wave  |6]. 


I 
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r-0.1716 


Fi|.  3:  One  dimensional  plane  wave  injection  models.  In  both  cases,  the  waves  are 
guided  by  PMC  walls,  (a)  For  the  incident  wave  case,  the  wave  lenninates  in  an 
absorbing  boundary,  (b)  For  the  leilected  wave  case,  the  wave  is  reflected  by  a  PEC. 


Fcr  our  ptoblem,  we  must  incorporate  a  unique  scsttcreT,  the  infinite  ground  plane,  to  which  the 
cavity  is  mountnL  The  technique  discussed  above  wodcs  well  for  maintaining  the  incident  plane  wave 
while  absorbing  the  scattered  field  from  the  cavity,  but  some  further  action  must  be  taken  to  account  for 
the  scattered  field  from  the  ground  plane.  The  sattered  from  the  ground  plane  would  be  a  plane 
wave  except  for  the  presence  of  tte  cavity.  It  thersfcie  should  not  be  allowed  to  attenuate  when 
propagating  through  the  mesh.  Since  the  absorbing  bcundiiies  used  to  sbsocb  the  fields  scattered  from 
the  cavity  would  give  lise  to  attenuation  of  the  plane  wave,  an  approach  similir  to  the  one  used  to 
maintain  the  incident  plane  wave  may  be  taken  to  mainain  the  reflected  plane  wave. 

SiinUar  to  the  inddem  case,  pulses  ate  pre-cil  minted  and  inject  mtc  the  mesh  every  iteration 
to  maintain  (he  scattered  plane  wave  fimn  the  ground  plane.  The  pulses  ate  calculated  by  using  a  one- 
dimemioaal  set  of  nodes,  as  shown  in  Fig.  3b  Note  that  the  left  and  right  boundaries  aie  PMC  and  the 
bottom  boundary  is  a  FEC  representing  the  ground  jdane.  Because  of  the  normally  incident  field's 
symmeay,  this  accurately  rept^nu  the  infinite  ground  plane  without  the  cavity,  when  the  pulse  is 
injected  at  the  top  of  Fig.  3b  (as  shown  1^  the  ariiK/),  a  one  dimensional  wave,  representing  a  plane 
wave,  impagaies  throu^  the  mesh.  During  each  ittratioa,  (he  voltage  pulses  on  the  ports  next  to  the 
magnetic  boundaries  ire  increased  by  17.16%  and  injected  into  their  conesponding  pons  of  the  2-D 
me^.  In  Fig.  3b,  once  the  wave  reflects  ftotn  the  I’EC,  the  total  fields  become  present  in  the  mesh. 
Therefore,  the  reflected  pulses  along  the  PMCs  leproicnt  both  the  incidenl  wave  and  the  scattered  wive. 
Coosequcntly,  the  pulses  injected  ftom  Fig.  3b  into  Hg.  2  simultaneously  maintain  the  integrity  of  both 
the  incident  plane  wave  and  the  scattered  plane  wave  from  the  infinite  ground  plane. 


115 


Verification 


The  electric  field  calculated  at  selected  points  using  our  injection  technique  was  compared  to  the 
Held  using  a  very  large  ground  plane.  TIte  large  ground  plane  extended  1249  nodes  on  each  side  of  a  2 
X  2  node  cavity,  and  the  mesh  reached  10  nodes  above  this  ground  plane.  The  injection  technique  was 
used  to  simulate  the  incident  plane  wave,  but  no  injection  was  used  to  simulate  the  reflected  plane  wave. 
The  extreme  size  of  this  mesh  was  sufficient  to  calculate  the  field  in  the  vicinity  of  the  cavity  as  though 
it  were  mounted  on  an  infinite  ground  plane.  Using  tSOO  itentions,  an  accurate  li-field  distribution 
was  calculated  over  a  line  of  8  nodes  p^lel  to  the  ground  plane.  These  nodes  were  selected  2  nodes 
direedy  above  the  cavity  and  were  symmetrical  to  the  cavity's  center  (the  node  location  relative  to  the 
cavity  is  shown  in  Fig.  2). 

In  the  mesh  inching  the  injection  technique  for  the  reflected  wave,  the  ground  plane  extended 
only  S  nodes  on  either  side  of  the  2  x  2  node  cavity.  Again,  the  mesh  reached  10  nodes  above  the 
ground  plane,  the  field  was  calculated  over  the  8  nodes  indicated  in  Fig.  2,  and  ISOO  iterations  were 
tun.  As  shown  in  Fig.  4,  we  achieved  v^  cl^  agieement  with  the  large  mesh  case.  The  maximum 
deviatian  was  less  thui  0.4%.  A  comparison  of  the  phase  showed  similar  agreemeni.  For  an  additional 
coRipaiison,  Fig.  4  also  shows  the  field  obtained  when  the  smaller  mesh  was  run  without  the  injection 
technique  for  Ite  reflected  wave  (injection  was  still  u'sed  to  simulate  an  incident  plane  wave).  This  case 
deviaes  from  the  large  ground  plane  case  by  as  much  as  16%. 

There  is  a  limit  to  how  close  the  suie  walls  can  be  brought  in  using  our  technique.  With  the 
walls  moved  to  within  one  node  of  .u  cavity,  the  field  deviated  from  the  very  large  ground  plane  case 
(the  maximum  deviation  was  4.0'^).  However,  with  the  walls  only  2  nodes  from  the  cavity,  the 
maximum  deviation  dropped  to  2  i%  . 


Fig.  4;  Comparison  among  calculated  electric  fields  for  three  cases: 

(i)  (□)  a  large  mesh,  ISOO  nodes  in  length,  used  without  the  injeebon 
technique 

(ii)  (•)  a  small  mesh,  12  nodes  in  length,  incorporating  the  injection 
technique 

(iii)  (A)  a  small  mesh,  1?  nodes  in  length,  without  the  injeebon  lechruque 
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Concluiions 

By  injecting  pulses  at  the  boundaries,  our  2-D  TLM  network  can  simulate  a  plane  wave 
normaliy  incident  on  a  cavity  which  has  been  iixtuoied  on  an  infinite  ground  plane.  Since  a  relatively 
small  ground  plane  in  the  mesh  can  be  made  to  appear  infinite,  a  significant  savings  in  memory  and  run 
nme  is  realized  over  the  large  mesh  approach.  We  are  now  developing  a  timed  pulse  injection  technique 
to  accurately  model  plane  waves  obliquely  incident  on  an  infinite  ground  plane.  Further,  these 
techtiiques  wdl  be  adapted  for  the  3-D  Tl^  network. 
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AbfttrAct 

7^  «.^nji0n  of  the  eiectromegnetic  field  need  tr.  MhtP  (hltdUpl*  iiuUtpolt  Program  i  may  be  sirnplified 
m  perticuUr  oMci.  Depending  on  the  $et  of  ezpaneion  fenciians  o  significant  reduction  of  the  num6«r  of 
unAriMonj  le  posetUe.  The  poper  deocrihet  a  nev  tet  of  ttpomion  functions  /the  'curved  line  multipoies '} 
which  meg  he  fiexihlg  edapted  to  any  cvnwd  long  stmetuie  including  edges.  Curved  line  multtpoles  have 
two  indfpcfidant  pammeters  {order  ff  and  degree  M)  to  predefine  the  maximum  possible  van'ition  of 
the  field  to  he  expended.  S  steers  the  variation  oioflg  a  curved  line  of  finite  length  while  M  sfters  the 
field  tanation  atoaad  thia  ima.  The  ooU'uIation  of  iJba  line  muhtpolts  is  discussed  and  the  application  to 
^oritcuiar  scattering  prohUms  shows  their  advantage  versus  the  conventional  multtpole.<i. 


1.  IstrodoctM 

Tkift  yapor  d«aii  with  a  particalw  laboct  of  expaaoioa  fuictioBt  for  th«  MMF-code.  the  line  mjltipoles. 
Tint  kt  9S  bTMdr  dosciihe  th«  banc  id«a<  of  MMP  (Moltipk  Multipole  Profram)  iu  order  see  what 
the  Uae  aaltipoki  are  good  for. 

The  bade  probka  it  hading  an  nnhaoait  tketromagnetk  held  functior  /  u'bere  /  s  {E.H*  has 
<u  coapoMCii.  the  compooents  of  the  electric  held  £  and  the  composests  of  the  m&petic  held  H. 
In  a  domain  D  (with  boandaxy  ^D)  /  has  to  tatisft-  Maxwell's  cqoatmss  in  the  stationary  case 

rvi£  w  *uin£  and  cnrl^  s  •L;c£  where  w':  aaguiar  freqaency-  ^.£:  constant  (complex) 
parmaability.peimictivity  in  D.  i;  imaginaiy  aait«  t:  time.  On  dD.  f  must  satisfy  some  boundary 
cosditioa*  MMP  scant  with  the  lerias  expansion 

j 

(1) 

/■» 

whore  each  expanmoo  ancu  m  fj  fulfils  Maxwell’s  oqaatiou.  bat  not  aoceosahly  the  boundary  conditions. 
The  aaknown  coofiweats  O;  are  astd  to  satisfy  the  latter  in  a  kast  squares  sense.  Obviously,  the  choice 
of  the  expandoa  functions  /;  has  sifnifienDt  iafiuance  on  the  a>nveifence  of  the  expansion  (Ij-  If  the 
soiutioB  /  has  a  particular  bohavior  ~  a.g..  /  is  the  scattered  field  and  radiates  energy  away  from  th^ 
scattorer  ^  it  snakes  mum  to  nee  only  expansion  functions  fj  with  the  same  behavior  On  the  other  hand 
the  set  of  expanson  fnnetiofts  should  span  a  wide  viriety  of  possible  solutioDS.  Let  us  consider  a  special 
case:  scattenng  at  as  idoaUy  coaducting  sphere  (see  fig.  1).  The  optimum  set  of  expansion  functions 
for  moddiftg  the  scalterod  field  it  a  scries  of  mulUpok  fanctkms.  Assume  that  the  sphere  is  electrically 
large  and  the  inodent  held  is  a  bneariy  poUrized  plane  wave  traveling  in  r-direction.  In  this  particular 
cast.  S  must  be  Urge,  but  .V  »  1  is  sufficient.  Since  a  full  multipole  expansion  has  .V'  -  1  parameters 
while  the  adapted  set  (all  orders  but  only  terms  of  first  degree)  has  only  .V  parameters,  the  number  of 
unknowns  is  sigaifitaatly  redneed  without  any  lack  of  accuracy.  This  example  shows  how  an  intelligent 
choice  of  the  ezpansion  fa&ctknu  may  dramatically  reduce  both  the  amount  of  calculation  S^)  and 
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Fionrg  /  For  any  incident  field,  the  acattercd  field  /  may  be  written  as  a  sum  of  muitipole  functions. 

narting  with  a  dipole  and  ending  up  with  functions  of  higher  order  and  degree.  With  the  set 
of  all  multipoles  up  to  the  masumum  order  .V  asy  variation  of  /  along  6  £  [0.  describable 
by  an  .V*Ch  order  polynomial  in  cua6  may  be  represented  exactly.  Similarly,  with  the  set  of  aJl 
multipoles  up  to  the  maximum  degree  M  any  variation  of  /  along  p  €  [O.Srrj  dcscribafale  by 
an  M-ih  degree  Fouriez  eeries  in  o  may  be  repicaeoted  exactly.  Note  that  M  and  A'  may  be 
tiioacn  independently,  but  it  is  alwayx  M  ^  A*.  F<w  fi,M  eo  the  functions  form  a  matbe* 
matically  compleu  set  of  expansion  functions. 


the  amooht  of  computer  memory  (-v  The  line  moltipoks  to  be  discussed  in  this  paper  offer  a  umilar 
possibility  for  redacing  the  total  number  of  oaknowus  not  only  for  spheres  but  for  any  long  structures’. 


2.  Carved  Line  Mahipoles;  Quaiitative  Deacription 

The  set  of  expansion  functions  to  be  presented  in  this  paper  may  be  looked  as  distributed  multipoles 
along  an  aibitrary  curved  line  L  of  finite  length  L.  We  define  a  longitudinal  coordinate  z  along  L  and  an 
azimuthal  coordinate  «  arQ</nd  the  line  L  (see  fig.  2).  The  fl^d  of  the  curved  line  multipoles  is  singular 
on  the  fi.uite  line  L  and  fulfils  Maxwell^s  equations  anywhere  die.  The  strength  of  the  singularity  varies 
along  L  :n  a  polynomial  way.  i.e.,  line  mnltipoles  up  to  order  iV  model  any  variation  along  z  6  [0, 
describable  by  an  order  polynomial  in  z.  For  a  given  z>variatlon  of  a  curved  line  multipole  function 
there  are  virions  UKviriations  available,  ramely  any  trigonometric  function  in  p.  More  precisely:  Line 
multip^j  up  to  if-th  degree  modd  any  variation  along  ^  €  [0t2x]  describable  by  as  Af-tb  degree 
Foutier  series  in  0,  Note  that  M  and  A  may  be  chosen  lodepmidcatly  fxom  each  other.  For  A'.Af  oc 
the  resulting  set  forms  a  complete  set  of  expansioD  fonctkms  in  the  space  outside  the  line  L. 

PhysicaDy.  the  sero  degree  tom  is  the  field  of  a  line  current  /(z)  along  L.  Very  dose  to  L  this  field 
does  no‘s  depend  00  However,  for  a  curved  L  the  ^independency  h  lost  away  from  the  line.  This  is 
due  to  the  fact  that  6-  and  z-values  are  not  uniqudy  defined  for  such  points.  Nevertheless,  the  curved 
line  muitipole  function  gives  e::actly  the  correct  field. 

Curved  line  multipoles  are  useful  not  only  far  modeling  the  field  around  long  thin  structures  like 
A'ires  but  also  for  edges.  The  important  point  is  that  the  user  may  predefine  the  maximum  variation 
along  z  and  6  independently  from  each  other  just  by  specifying  maximum  order  .V  and  maximutn  degree 
M.  Note  that  this  is  exactly  what  is  requested  in  practice:  £.g..  the  field  along  an  edge  varies  most  often 
much  less  than  around  the  edge- 
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Figure  S  Curved  lii)«  multipoks  we  linguUr  oo  u  liac  L  of  J{oit«  l«nfth,  vary  viDusoidaily  aloog  o  and 
likt  a  polynonual  along  i.  Thii  btbavioc  tt  ttiictly  true  only  clooe  to  L  since  (be  coordinates  ; 
aod  p  arc  not  unique  away  from  (he  curved  iise  L. 

Z.  Th«  Compatation  of  the  Curved  Line  Mnltipole  Fields 

It  is  well  known  that  the  electromagnetic  field  of  a  thin  ttnight  laa«  current  /(«)  (nonzero  only  on  the 
finite  length)  may  be  given  in  doeed  form  if /(x)  =  /ccoskz+ftsin  Jbi,  w’here  k  a  the  wave  number  of  the 
surronading  medium  and  /«  are  constant  [1  j.  Based  on  this  formula  the  field  of  an  equally  segmented 
long  straight  wire  with  n  free  parameters  (the  currcota  at  the  segment  joints)  hu  been  given  [2j.  Sine 
and  cosine  shaped  currents  on  each  segment  were  combined  in  such  a  way  that  the  current  is  continuous 
along  the  whole  wire.  For  segment  lengths  <.  X  =  (2r)/Ar  (A  =  wavelength)  we  have  cosA*::  ss  1 
and  sin  hr  »  irz  on  the  whole  segment  and  the  mentioned  combination  results  essentially  in  a  poiygoniaJ 
approximation  of  an  arbitrary  cnrrent  distribution  I(x). 

In  order  to  reduce  the  number  of  free  parameters  on  a  long  wire  .the  values  at  the  segment  joints 
may  be  given,  e.g.  equal  to  a  polynomial  pn{:)  of  degree  n.  A  series  Otpn  allows  the  representation 
of  any  current  dUtribution  /(r).  Note  that  the  field  of  one  segment  has  to  be  calculated  only  once  but 
it  is  part  of  the  cootribction  of  all  p^.  The  main  advantage  of  such  a  procedure  is  that  the  number  of 
segmenu  may  be  chosen  independently  from  the  number  of  unknowns  |4j- 

A  generalization  of  the  single  segment  current  field  has  been  described  in  [3J.  While  a  line  current  has 
an  electromagnetic  field  with  rotational  symmetry  the  mentioned  generaliiatlon  (called  ‘line  muJtipoles’) 
yields  an  azimuthal  field  behavior  (along  proportional  to  sin  or  cos  mo  respKtively.  For  m  =  0  it 
is  equal  to  the  common  wire  current.  Since  the  m-th  degree  line  mnltipole  is  built  up  using  2m  single 
currents^,  there  are  line  multipoles  of  the  same  degree  both  with  sin  k:  and  with  cos  kz  behavior.  Thus 
it  it  possible  to  consider  a  segmented  line  and  to  combine  the  field  functions  of  each  degree  to  a  long 
multipole  in  the  same  way  as  it  has  been  done  for  the  long  wire  in  [2]  and,  as  a  next  step,  as  in  j4j.  This 
is  essentially  what  has  been  done  for  this  paper. 

Other  than  in  the  previous  versions  the  line  may  be  curved  and  segmented  in  an  arbitrary*  way.  The 
user  must  specify  a  number  of  pcHnts  (Ue  segment  joints)  and  due  to  the  lack  of  rotational  symmetry 
—  for  each  segment  an  additional  vector  spewing  the  zeroo  direction  of  this  particular  segment.  This 
information  is  stored  in  an  extra  file.  The  gr^hical  MMP  preprocessor  'zamptool’  (or  ’xmaptooT)  [5] 
allows  the  efficient  generation  of  the  data. 

Two  different  types  of  cu^'ved  line  multipoles  are  avwlabk.  The  difference  between  the  two  lies  in  the 
treatment  of  the  longitudinal  behavior  of  the  fields.  The  first  version  is  essentially  analogous  MMP's 
thin  wire  feature  [1].  Since  an  iV<segment  wire  has  .V -p  1  jeunts  (Including  the  end  points)  there  axe  N  —  1 
parameters.  If  M  is  the  maximum  degree,  there  are  2Af  +  1  functions  with  different  o-dependency  for 
each  single  segment  function.  Thus,  the  total  number  of  parameters  is  P^f  =:  (A*  ~  1){2M  +  1).  In  the 
second  version  the  number  of  segments  is  decoupled  from  the  number  of  parameters  in  a  similar  way  as 
in  MMP's  long  wire  expansions  [4|.  The  longitudinal  behavior  is  modeled  using  Legendre  polynomials 

^  Tb«  actual  rulnjlujon  a  rKunivc  with  rwpaet  co  m  «od  a  limit  (shiltiac  all  currenu  iog«tb«r  on  the  tame 

place)  is  creier  ts  have  a  siasis  lint  with  •ioa'ular  fwu  *aiua  [3). 
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of  ord«r  n  aad  tb«  mAXimnm  ord«r  m^y  bt  rp«cifi«d.  Thus,  the  total  nimibar  of  parameters  becomes 
again  =  (A-  +  l)(2.W  +  l),butA-  is  now  the  maxunom  order  of  the  longitudinal  pciysomial  expansion 
rather  than  the  number  of  segments.  Of  cottrse  the  latter  should  be  larger. 

A  second  set  of  field  functions  may  be  obtained  nsing  non  physical  magnetic  currents  rather  than 
electric  currents.  For  a  single  segment  the  electric  current  fields  are  TM  with  respect  to  ;  while  the 
magnetic  current  fields  are  T£.  For  s'mpUdt}'’s  sake  we  call  the  respective  curved  multipole  fields  also 
T£  and  TM  respectively,  in  spite  of  the  fact  tha:  the  longitiidiDal  direction  varies  from  segment  to 
segment.  A  ’complete  curved  line  muitjpole’  has  now  =  2(.V  +  l)(2Af  +  1)  free  parameters.  Xoie 
that  the  calculation  of  the  dual  field  is  very  easy  and  cheap;  only  the  hnal  field  N'uJues  have  to  be 
dualized',  i.e.,  interchanging  E  and  J?  and  multiplying  by  the  (negative)  wave  impedance. 

Another  set  of  field  functions  may  be  obtained  using  the  ingoing  Greens  function  rather  than 
outwards  radiating  Greens  functions  for  the  calculation  of  the  field  of  a  single  current  segment.  This 
gives  non  physical  fields  in  free  space.  Nevertheless,  in  bounded  donaains  such  functions  are  usef'il. 

The  following  table  ^ves  the  exact  MhlP  data  needed  for  all  posnble  variants  of  curved  line  multipoh 
expansions.  Remember:  an  MMP  expansion  has  6  integer  parameters  (IE1-1E6)  among  other  parameters 
which  are  not  used  for  curved  line  muitipoles. 

I£l:  137...  134  (versioii  l)or  141...  144  (version  2) 

IE2:  3  (outgoing  waves)  or  4  (ingoing  waves) 

I£3:  TniT^ifnHfw  ^degree  or  maximum  degree 
XE4:  maximom  ^-degree 

1E5:  maximtun  (longitudina»)  order  (only  version  2) 

1£6:  lyy  or  yy 

The  paiameter  lEl  is  131/141.  if  both  TE-  and  TM-fields  are  requested.  In  this  case,  all  o-degiees 
from  0  to  IE3  are  computed.  If  lEl  is  132/142,  only  ct-degrees  from  IE3  to  IE4  ate  computed.  Finally, 
lEl  =  133/143,  only  TM-fields  are  computed  and  for  lEt  =  134/144,  only  TE-fields  are  computed,  in 
both  cases  only  <b-degrees  from  IE3  to  IE4.  The  parameter  !£'•  is  used  fov'  spedfymg  the  file  with  the 
geometric  data  of  the  line.  It  it  named  ■s^.^lyy  .xxx  where  yy  is  the  (two  digit)  number  of  the  line  and 
xxz  is  the  (three  digit)  number  of  the  problem  to  be  staved.  The  zero  order  term  of  the  TE^ fields  (a  single 
magnetic  current)  is  only  computed  if  IE6  >  99.  For  the  lEl  =  131...134,  Aoi  =  U  proportional 
to  the  number  of  segment  joints  (A'  + 1)  while  for  lEl  =  141 . . .  144,  the  lonptudinil  behavior  is  modeled 
using  Legendre  polynomials  up  to  ord^  XE5. 


4.  Exaraplcs 

In  order  to  show  the  advantage  of  the  curved  line  muitipoles  compared  to  the  conventional  muitipoles. 
we  calculate  problems  where  the  line  multipoles  seem  to  be  useful.  la  a  first  example  the  scattering 
at  a  banana  shaped  object  is  investigated.  The  geometrical  situatiou  is  shown  in  fig.  3  giving  also  the 
time  mean  value  of  the  power  flux  (Poyoting  vector),  while  in  fig.  4,  some  details  of  the  near  field  are 
represented. 

The  aame  situation  has  been  modeled  in  different  manners  using  either  line  muitipoles  or  conventional 
muitipoles.  Further  on,  the  number  of  parame-eis  (i.e.,  the  orders  and  degrees  of  the  muitipoles)  has 
been  varied  as  well  as  the  number  of  matching  pouats.  Finally,  the  field  has  been  computed  at  two 
different  frequencies  resulting  is  a  overall  'banana'  length  of  half  a  wave  length  X  (low'  frequency)  and 
3A  (high  frequency).  Field  plots  of  the  different  computations  look  almost  identical.  This  is  due  to  the 
fact  that  the  errors  are  very  small:  all  versions  deliver  good  results  but  at  very  different  amounts  of  both 
calculation  time  smd  computer  memory’. 
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in  i-diMction.  Tb«  pictur*  tbowa  thit  tinM  mtn  v«Iiie  of  the  PeystinK  vector  of  cbe  to- 
ul  oenr  field.  There  is  4  shedow  regioD  S  with  low  Add  vdues  end  t  'steading  wove  erea’  F 
where  the  fields  ere  high  but  only  the  tizne  meen  value  of  the  power  flux  is  low.  See  also  Ag.  4 
for  iDore  details  of  the  field  in  the  rectengie  R. 

The  geometry  of  the  sitoetion  is  synunetricel  with  respect  to  two  pUnes.  This  symmetry  may 
be  used  to  limpUi}’  the  expansion.  Due  to  the  fact  that  the  line  muitipoles  may  be  curved  in  a  three 
dimeasional  way  there  is  no  built  ir.  symmetry  for  thcM  functions  while  conventional  multipoles  have 
built  in  symmetry.  This  has  the  consequence  that  the  models  are  different  for  the  two  cases:  Using 
line  muitipoles.  one  half  of  the  ^banana*  has  to  be  modeled  while  using  coDventiosai  multipoies  only  a 
quarter  of  the  ^banana^  must  be  modeled.  On  the  other  hand,  more  matching  points  per  unit  surface  are 
necessary  for  the  conventional  muitipoles.  The  following  geometnea/  models  are  used: 

1:  Rough  model  for  conventional  muitipoles.  686  matching  points 

11:  Fine  model  for  conventional  muitipoles,  1295  matching  points 

ni:  Thick  model  for  line  multip<^,  854  matching  points 

IV':  Thin  model  for  line  multipoles.  840  matching  points  (3) 

Note  that  model  FV  is  a  three  times  thinner  ’banana’  of  the  same  length  (diameter  -  0.009A).  The 
following  expansions  have  been  used  for  the  same  geometrical  model  where  all  line  muitipoles  are  along 
the  axis  of  the  ’banana'  and  have  28  (internal)  segments  of  equal  length  for  a  half  of  the  banana'.  In 
most  cases  an  additional  (point-)multipole  has  been  used  for  modeling  the  field  at  the  end  cap.  Table 
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Fiaum  I  A  mon  4«uil«d  vi«w  of  th«  viIim  of  tht  •Icctric  Sold  (1^)  and  of  th*  magnetic 

(Mid  (right]  raspactivaly  within  the  rectangle  R  (tea  ftg.  3).  Arrows  and  ocugons  (for  vectors 
perpendicolar  to  the  drawing  plane)  show*  the  direction  of  the  field  while  the  underlaid  contour 
litMi  give  the  magnitude  of  the  field  strength. 

(4)  gives  the  integer  parameters  lEl  and  lES  of  the  line  muitipole.  its  related  number  of  parameters  A'l,, 
the  nombtr  of  conventional  multipoles  ficea  and  its  related  number  of  parameters  A‘m  m  well  as  the  total 
number  of  parameters  s  different  expansion  mode/t.  For  the  line  multipole 

it  is  IE2  s  3  (outgoing  waves),  I£3  z  0,  IE4  ^  2  (d^egree)  and  IE6  <  100  (no  magnetic  current). 
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The  local  s-axes  cf  the  conventional  multipoles  are  oriented  along  the  'banana'  axis  and  its  degrees  are  2, 
i.e. .  equal  to  the  ^degree  of  the  line  multipoles.  The  multipoles  in  models  1  and  m  are  found  automatically 
using  [5].  The  number  of  parameters  wies  slightly  &om  multipole  to  multipole.  Note  that  the  models 
using  conventional  multipoles  are  symmetry  adapted.  An  '3D  curved  banana'  would  require  both  twice 
as  many  matching  points  and  twice  as  many  parameters  for  the  conventional  multipoles  but  the  same 
numbers  for  the  line  multipole  models. 

Combining  the  geometrical  models  I- VI  with  the  expansiou  models  a-m  and  runnirg  the  computer 
at  low  and  high  frequency,  different  results  arc  obtamed.  We  list  the  mean  percentage  error  (mean 
mismitching  divided  by  mean  value  of  field  values  on  the  matching  points  times  100%)  and  the  cpu  time 
(in  seconds)  for  computing  the  parameters  and  the  errors  on  a  Sun  SPAEC  2  machine. 

model  ms  Illb  HIc  ffld  IDe  dig  HIc  Hie  Clf  IVh  IVi  IVk  H  dm  D  dm 

frequency  low  low  low  low  low  low  high  high  high  low  low  low  low  low  high  high 

error  '%]  16.9  0.4  0.1  0.1  0  1  0-1  0.6  0.4  0.5  0.4  0.1  0.1  2.9  0.1  0.8  0.3 

cpu  (par)  98  122  149  181  195  447  150  195  262  Wi  179  243  361  3404  361  3404 

cpu  (err)  88  86  97  101  117  84  99  118  143  94  114  139  49  195  48  195  (5) 

Figure  5  shows  the  distribution  of  the  errors  for  some  particular  cases. 


125 


figure  5  Tb«  trror  vah«t  «ioag  the  suifecc  of  the  ecAtUeer.  The  ‘hodgobog’  pictures  give  the  distribu* 
tioo  of  the  «rn>n  for  thrae  low  f^aeaey  eolcttUtiocs  (left)  and  two  high  ftoquency  calcuU- 
tion  (right).  Note  th*t  the  ecadiag  of  the  errors  is  toc  seme  far  ail  ciiii  except  io  case  IIlc: 

The  actual  errore  are  mote  thexi  tea  times  larger  io  this  case.  The  ‘refercoce'  at  the  ver>’  right 
has  oot  sgEuftcantly  smaller  errors,  in  spite  of  the  feet  that  almost  ten  times  more  parameurs 
are  used.  This  shows  the  power  of  the  curved  iiae  multipoies. 

In  ftg.  6,  a  more  complicated  example  is  shown:  the  scattering  at  a  four  turn  helix.  The  helix  is  half 
a  wavelength  A  high,  the  total  length  of  the  wire  Is  almost  2A  aod  its  thickness  is  A/20.  It  is  modeled 
osisg  3472  matching  points  (each  rectangle  on  the  surface  in  fig.  6  is  one  matching  point). 

The  scattered  field  is  mod^ed  using  four  tine  multipoles  (one  for  each  turn)  of  longitudinal  order  12 
and  a  ^degree  of  four  (^884  Parameters).  AdditionailyT  two  conventional  multipoles  have  been  used  to 
model  the  field  at  the  wire  ends  (--^132  parameters).  Hence  the  field  model  has  1U16  degrees  of  freedom. 
The  computer  (a  Sparc  2  workstation)  needs  about  6  hours  to  solve  the  problem  end  ends  up  with  an 
average  error  of  2.2%.  The  maximum  error  occutk  at  the  end  of  the  wire  and  is  only  2$.3%  (see  fig.  6 
left). 

Note  that  this  example  brought  the  computer  to  its  limit  if  it  would  be  calculated  using  only 
conventional  multipoles.  It  had  to  be  discretised  with  at  least  7000  matching  points  acd  60  multipoles 
with  36  parameters  each.  This  resuitt  into  ^proximately  2200  parameters  resulting  in  about  50  MBytes 
of  computer  memory  and  11  hours  epu  time  ou  a  Sparc  2  machine.  The  given  numbers  refer  to  the  rough 
model  of  the  ^banana’  in  our  previous  example.  A  finer  model  would  have  to  double  both  the  numbet  of 
matching  points  aod  the  number  of  parameters  —  and  came  (with  200  MBytes  required  memory  and  88 
hours  epu  time  on  a  Sparc  2  without  speaking  about  oumerical  problems)  definitely  out  of  the  scope  of 
‘normal’  computers. 
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Fimrt  6  Laft;  Th«  h«lix  (idol  conductor  in  *ir,  b«(ht:  ^/i)  i<  Ulumiuot^  by  a  plwt  nvt  comiog 
from  Ufr.  Xbt  pictuto  tbows  the  uuUaoUntaiMous  vajuo  of  tbe  Afield  in  the  H-pl‘^ne  (tii« 
incidon:  S  i*  vortical  «bil«  the  incident  Afield  b  perpendicular  to  tbe  drawing  plaoe).  Ibe 
■Madia  on  the  tuiftce  of  tbe  acalteret  tepteoent  the  local  miamatebiog.  i.e.,  tbr  angential  elec¬ 
tric  Held  n  id  tbe  nomai  magnetic  field  in  thb  caee.  Mud  error:  2.2%. 

Right:  Tbe  aame  field  on  a  helical  ntfacc  (wbite).  Note  that  tbe  electric  field  b  alwaye  per¬ 
pendicular  to  tbe  ecatterer's  lurfacv.  The  direction  of  the  incident  wave  b  indicated.  ^  also 
fig.  7  for  the  power  Oux  of  the  name  field. 


Sammaty 

The  carved  line  multipole'  '\ow  the  exact  calculation  of  the  near  (and  far)  field  of  thin  siructutee 
Compared  to  conventicn-  Jtipoles  the  number  of  paxameten  ia  —  at  comparable  errors  —  reduced 
by  a  ■•ctor  5  ...  10  (a:  leaetf),  where  the  redaction  b  mcieased  when  the  wires  become  thinner.  The 
scope  of  MMP  calcuiaule  situaiioas  is  significaatly  eniarged.  The  carved  line  mnltipoles  are  useful  to 
talK  into  account  a  priori  knowledges,  ance  the  maximimi  field  variations  in  two  directions  (along  and 
around  the  line)  may  be  chosen  independently  from  each  other. 
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This  piciurt  tliowt  th«  ifisuaua«oui  vdiM  (Mt)  asd  ib*  tiisa  mMn  value  (right)  of  the 
Poyntiag  v«c(or  ^  s  £  x  ^  of  tb«  iame  eituatiofi  a*  in  ftg.  6  The  contour  lines  at  the  left 
rapreua&t  the  abaolute  value  of  Note  the  ‘actetsing  dfeet’  of  the  helix  Some  of  the  vectors 
at  the  kft  poin'  below  the  white  helical  sur^e  and  axe  not  visible  for  th*s  rtaaoo.  The  local 
time  mean  eiierg:'  &ux  is  always  along  the  wire  and  may  have  different  directions  inside  and 
outside  the  helix.  N.B.;  The  Mune  effea  occurs  with  the  'banana'  example  (see  fig.  3). 
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Absinct 

This  paper  presents  a  comparison  of  the  multipole  technique  with  the  method  of  momeoti 
as  applied  to  the  problem  of  electromagnetic  scattering  by  perfectly  coulucting  cylinders. 
Comparisons  are  made  on  the  performances  of  the  two  uxbniques  with  respect  to  vaiiatiODS  of 
the  cylinder's  cross  section.  Theoretical  development  is  given  for  both  techniques,  along  with 
comments  regarding  the  uniqueness  of  each  technique.  Compansons  are  made  with  respect  to 
tun  tittse,  number  of  special  fiinctioD  calls,  matrix  sizes  requited  for  convergence,  and  numerical 
stability.  Bisiatic  scatteting  patterns  are  presented  for  perfectly  conducting  cylinders  of  various 
cross  sections.  Conclusioiis  and  general  rules  of  thumb  are  given  for  the  u«e  of  each  technique. 

1.  IntroducthiB 

The  nifthod  of  momenls  (MoM)  has  been  used  for  immeious  yean  to  solve  various 
decnomagnetic  scattering  and  propagation  problems  where  the  object  under  study  is  on  the  order 
of  the  wavelength  of  imerest.  The  method  is  well  documented  [1,2]  and  shown  to  produce 
reliable  results  for  a  large  clsss  of  problems.  However,  in  itcem  yean  interest  has  grown  in 
the  use  of  the  multipole  technique  (MPT)  [3.4]  as  an  alteniive  method  for  solving  many  of  the 
classical  MoM  problems.  In  response  to  questions  regarding  the  efficiently  and  reliability  of  the 
newer  MPT,  two  Fortran  based  computer  codes  were  developed  (one  MoM  aid  the  other  MPT) 
to  run  a  direct  comparison  between  the  two  techniques.  The  two  codes  both  use  the  same 
subroutine  (CROUT  reduction)  to  invert  their  respective  reaction  matrices  and  both  codes  use 
standard  IMSL  libraries  for  all  of  their  special  function  calls.  Thus,  the  two  computer  codes 
allow'  for  a  direct  comparison  of  the  two  methods  aid  provide  insight  into  the  abilities  of  the 
newer  MPT  with  respect  to  the  mditional  used  MoM  technique. 
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2.  Matbcmatkal  DeTdopmeni 

Figtne  1  shows  (he  cross  section  of  three  infinitely  long  perfectly  conducting  cylinders 
(PEC),  with  (heir  axis  along  the  z  direction.  The  region  surrounding  the  cylinder  is  free  space 
with  penneability  /lo  and  permittivity  <g.  It  will  be  assumed  tbai  the  cylinder  is  illuminated  by 
a  transverse  magnetic  (TM)  plane  wave,  of  unit  amplitude,  propagating  in  the  x-y  plane. 


Periodic 
r«0.6X  A*o.2X 


Ractajigl» 
IV-0.3X  f»-0.6A 


Ellipse 
x-O.sX  y*o.3X 


Figure  1  Scattering  Test  Bodies. 


A)  Multipok!  Technique 

Let  the  scattered  electric  field  at  an  observation  point  external  to  the  PEC  cylinder  be 
g  en  by  : 


-  t,  »■'"**  (I) 

where,  k„  and  hJ”  are,  respectively,  the  wavenumber  of  free  space  and  the  Hankel  function 
of  the  second  kind  of  order  n. 

From  (be  PEC  boundary  condition,  tbe  tangential  components  of  the  electric  field  must 
vanish  along  the  contour  of  the  cylinder.  This  leads  to  the  following  equation  relating  the 
iocident  electric  Reid  to  the  scattered  electric  field: 
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(2) 


when  p  - is  the  paRunelric  coffigur  of  d)£  cyliadei. 

Approximating  the  above  series  by  the  first  2N'fl  terms  and  enforcing  the  resulting 
equations  at  2N-t-l  matching  points  on  the  contour  results  in  the  following  matrix  equation: 

■  (3) 

Solving  equation  (3)  provides  the  series  expansion  coefficients  for  the  scattered  fields  outside  the 
cylinder. 

B)  Method  of  Mamcnts 

Let  the  scattered  electric  field  at  an  observation  point  external  to  the  PEC  cylinder  be 
given  by: 

^ ( P ( ic  1  p  -p' ! )  di '  (4) 

where,  q  and  J(p')  ate,  respectively,  the  intrinsic  impedance  of  free  space  and  the  surface 
current  along  the  contour  of  the  cylinder. 

From  the  PEC  boundary  condition,  the  tangential  components  of  the  electric  field  must 
vanish  along  the  contour  of  the  cylinder.  This  leads  to  the  following  equation  relating  the 
incident  electric  field  to  the  surface  currents  along  the  contour  of  the  body: 

)  w"’  (*!?-«(♦»  1 )  dJ'  (5) 

where  p  •  j;(^)  is  the  panmetric  contour  of  the  cylinder. 

Appioximattiig  the  surface  current  by  N  pulse  basis  functions  and  choosing  N  matching 
points  along  the  contour  of  the  cylinder,  allows  equation  S  to  be  approximated  by  the  following 
matrix  equation: 

WFnl-Frnc).  (6) 

Solving  equation  6  provides  the  surfree  cuirents  along  the  contour  of  the  body  which  in 
tutu  can  then  be  integrated  to  produce  the  desired  scattered  fields. 

3.  Compariaoai 

Table  I  presents  the  tun  time  and  matrix  sizes  required  to  produce  converged  bisutic 
radar  cross  section  (RCS)  plots  for  each  of  the  scanering  bodies  excited  by  a  TM  incident  plane 
wave.  All  test  cases  were  run  on  an  HP  9000  model  730  using  double  precision  arithrMtic, 
CROUT  reduction,  and  IMSL  special  function  calls.  Figure  2  sbows  the  converged  RC5 
patterns  of  the  two  methods  for  each  of  the  test  bodies. 

Comparing  the  perfoimaiice  of  the  two  techniques,  with  regards  to  the  periodically 
defonned  cylinder,  shows  that  while  both  techniques  produce  the  identical  RCS  plots  and  require 
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ipproximiKly  the  same  size  reaction  maorix,  the  MoM  is  approximately  five  times  faster  than 
tte  MoM.  liiis  coDSidetable  speed  difference  is  a  direct  result  of  the  larger  number  of  special 
function  calls  required  to  generate  the  MoM  leadion  manix.  Similar  results  are  obuined  for 
the  rectangular  cylinder,  with  the  MPT  appearing  to  be  slightly  faster.  However,  a  close 
comparison  of  the  two  RCS  plots  shows  that  the  RCS  plot  produced  by  the  MPT  is  slightly  off. 
This  error  is  attributed  to  the  ktMwn  problems  of  trying  to  expand  a  step  type  function  with  a 
Fourier  series.  The  short  coming  of  the  MPT  is  illustrated  by  its  converged  RCS  plot  for  tlie 
elliptical  cylinder  which  is  in  error  with  the  RCS  plot  produced  by  the  MoM.  'Hie  MP^  is 
limited  the  auinerical  problems  associated  with  the  Hankel  function  used  in  the  scries 
expansion.  If  die  number  of  matching  points  greatly  exceeds  the  minimum  electrical  dimension 
of  the  body,  numerical  problems  associated  wttb  the  behavior  of  the  Hanhel  iuitctioDs  used  in 
the  series  expinsioo  causes  the  matrix  to  become  ill-conditioned.  If  the  desired  aitswer  has  not 
been  leacbed  at  this  limit,  no  improvement  in  the  answer  can  be  obuined  by  using  an  increased 
number  of  expansion  functions. 

4.  Coocluiiaiis 

Comparison  of  the  MPf  and  the  MoM  shows  a  tnde  off  between  speed  and  versatility  The 
primary  difference  between  the  two  codes  is  the  generation  of  their  correspond'ng  reaction 
manices.  The  MPT's  reaction  matrix  is  developed  using  a  cylindrical  basis  function  approach, 
while  the  MoM's  reaction  matrix  is  developed  using  the  traditional  integral  equation  approach. 
For  targets  new  circular,  the  MPT  requires  smaller  matrix  sizes  than  the  MoM;  however,  as  the 
target’s  cross  seetkm  becomes  less  ciiculw.  the  matrix  size  quickly  increases.  Limits  on  ibe 
maximum  allowable  matrix  size  for  the  MPT  are  directly  related  to  the  minimiun  electrical 
dimension  of  the  body.  While  the  MoM  does  not  suffer  from  an  upper  bound  on  the  number 
of  matching  points  allowed,  it  is,  in  general,  slower  than  the  MPT.  This  is.  in  pan,  due  to  the 
larger  number  of  basis  functions  and  special  function  calls  required  to  accurately  approximate 
the  needed  surface  current.  Thus,  Ibe  principle  factor  when  choosing  between  the  two 
techniques  is  the  general  shape  of  the  body  under  analysis. 
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Tablet 

Method  or  Moments 


Cylinder  cross  section 

Periodic 

Rectangle 

Ellipse  1 

Matrix  size 

for  convergence 

24 

26 

42 

Run  tune  in 

seconds 

0.333 

0.637 

1.243 

Number  of  Special 

funaion  calls 

576 

676 

1765 

Tabic  n 

MoMpole  Technique 


Cylinder  cross  section 

Periodic 

Rectangle 

Ellipse  1 

Matrix  size 

for  convergence 

25 

19 

23 

Run  time  in 

seconds 

0.164 

0.119 

0.131 

Number  of  Special 

ftincdon  calls 

lUO 

76 

92 
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Abstract 

The  meamred  e^juations  of  invariant  (MEl),  proposed  by  K.K.  Mei  al.  [1]  is  comportd  with  tmdiiional 
finite  difference  (FD)  ^ecAnt^u^.  MEI  starts  with  the  choice  of  the  metrons  which  tpiit  determine  the  grid 
operator.  We  investigate  thr  influenee  of  the  mciror^  on  the  operator  itself,  on  tAe  local  errors  both 
m  inner  grid  points  and  in  boundary  points  and  the  influence  on  the  final  result.  As  a  general  rule 
we  can  say  that  the  MEI  result  tends  ta  be  similar  to  the  metrons.  This  is  both  an  advantage  and  a 
drawback:  A  good  choice  of  the  metrons  yields  excellent  results  but  a  bad  choice  turns  out  in  real  rubbish. 
A  new  MEI  program  has  been  written  for  this  investigation.  It  is  highly  ftetihle.  accepts  input  from  MMP 
preprocessors  and  produces  MMP  compatible  output  files. 


1.  lotroduction 

In  ttiis  paper  we  discuss  some  special  details  of  the  MEI*method  (Measured  Equations  of  Invahaace)  |1.2). 
Since  MEI  is  sioilar  to  the  conventional  FD  (I'inite  Difference)  technique  we  give  a  short  description  of 
both  methods.  Fig.  1  shows  what  type  of  problems  we  are  dealing  with. 


iitcident  wave 


(A  +  a2)/  =  0 
TM:/-/®  =  0 
TE:(»t,  X  grade/ + /<>)]•  Cl 
ABC 


in  D 

(1) 

on  dD 

(2) 

OD  B 

(3) 

Fxaur.  I  A  cylindrical  ideally  conducting  structure  S  is  embedded  in  a  iinear  isottopk  asd  homogeneous 
medium  and  is  illuminated  by  a  (time  hartnoaie)  incident  plane  wave  f^.  The  unknown  scax> 
tered  wwc  /  has  to  satisfy  both  the  Helmholtz  equation  (1)  in  the  whole  surrounding  space  D 
and  the  boundary  condition  (2)  on  the  boundary  of  D.  Note  tbai  /  is  equal  to  £*  ■  u.  (TM* 
case)  or  H  ■  u<  (TE-ease),  and  k  is  the  wave  number  of  the  surrounding  medium  The  ABC 
(ssabsorbing  boundary  condition)  on  the  outer  boundary  B  (3)  is  necessary  if  the  field  domain 
D  must  be  restricted. 
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7.  How  Do  the  MetroBS  Influence  the  Field  Operator? 

In  a  first  step  we  chcK>se  plane  waves  as  metrons  and  consider  a  regular  quadratic  grid  (see  lig.  2,  right). 
In  this  case,  the  FB  field  operate?  is  given  by  (5).  We  fionnalize  the  M£I  iield  operator  in  such  a  way 
that  cio  Si  CiQ  ^  (kd)'  -  4  and  iovestigate  the  deviation  of  the  other  ctj  from  ci^  =  1  for  j  :=  1 . . .  4.  The 
residt  is  given  in  fig.  3.  As  a  main  result  we  find  that  the  phase  of  the  coefftcients  decreases  in  the  maiii 
direction  of  the  propagation  of  the  metrons. 


Fteufj  5  A  quadratic  grid  (points  0.2A  apsn)  is  used  to  show  the  iaflutcce  of  the  metrons  on  the  ME! 
lield  operator.  The  direction  of  the  metioa  wavea  ate  given  )&  the  top.  while  at  the  bottom 
the  resulting  MCI  coefficients  are  indicated.  The  shading  is  darker  for  lower  phase  and  the 
triangles  are  narrower,  if  the  correipondiof  value  of  |cf>|  is  smaller.  Cases  1*3  are  syrrmet* 
tical,  i.e.,  all  four  values  of  ctj  are  equal.  We  have  (bne.  the  fust  index  I  denotes  the  caae) 
cif  s  1.048.  cs;  «  1.088  acd  cs^  s  1.068.  In  caae  3.  eight  metrons  have  been  used  (-elcasi 
sqiiatea  for  computing  the  coeffleienta  Cij).  AU  these  values  are  very  to  the  FD  value. 

For  case  4  and  3  aymmetry  it  lost  siace  all  four  metrons  propagate  msioly  in  one  direction .  If 
the  seooud  index  j  varies  from  1  to  4  in  cormpoodance  to  fig.  2  right,  the  value  of  tb<‘  coeffi' 
cieouare  C4i  o:  1.08^<-31*,  Cu  ^  C44  0.240*.  Cts  s  1.08431*  and  ai  s:  cn  =  0.934 --8. 6*. 

cu  s  <^4  0.9348.6*. 


The  influence  of  the  propagation  direction  decreases  with  a  finer  grid.  Figure  4  gives  an  example 
using  TM'Siultipolet  as  metrons.  These  znultipole  functions  radiate  energy  originating  from  the  center 
of  the  picture  towards  all  directions.  In  spite  of  this  behavior  the  M£I  operators  are  almost  symmetrical 
as  long  as  the  grid  constant  d  is  small  compared  with  the  wave  length  A. 

For  ingoing  multipoles,  i.e.,  the  energy  propagates  from  far  away  towards  the  singularity,  the  coef> 
ficients  become  conjugate  complex  to  that  of  outgoing  waves.  (See  fig.  5) 
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Fijun  4  Tb«  Afvt  four  TM>multipol««  (moQOpok,  dipolos  ttc.)  pi«c«d  in  xh^  ctrav  of  th«  picture  ere 
oMd  m  metroM.  At  the  Wft  the  wave  leofth  i«  tes  times  larger  thao  at  the  right  —  A/d  s  40 
and  A/d  St  4  respectively.  As  in  ftg.  3  a  similar  graphical  representatioD  of  the  coefficients 


usiag  artoirs  rather  than  trianglea  is  used  here. 


Finn  5  The  ftnt  four  TE-multipoles  (monopole,  dipoles  etc  )  placed  in  the  center  of  the  picture  are 
used  as  metroos.  Outgomg  vaves  (lef:j  are  compared  to  ingoing  waves  (right).  (A/ds  o) 


3.  The  Local  Error  of  M£1  Field  Operators 

We  d«j\ae  the  following  local  error  of  the  M£1  held  operator:  Given  an  auaiytical  solution  /  of  the 


Selmholtz  equation.  ( For  us.  /  is  a  plane  wave  with  a  given  prop^ation  direction.)  /  may  be  evaluated 
on  all  grid  points,  in  particular  on  the  grid  points  involved  in  the  equation  of  If  the  exact  field  values 
on  the  neighbors  are  taken  the  operator  equation  (4)  may  be  solved  with  respect  to  the  (approximate) 
value  /ap(/).  The  difference  of  this  value  and  the  evaet  value  /(/)  is  defined  as  the  local  error  q/.  For  the 
relative  error  we  divide  by  /(/)- 


i/.p(0 -  /iOi-  nf  ■■=  ^ ' 

Figure  6  shows  the  relative  local  error  due  to  the  metrons  of  case  2,  fig.  2  when  the  analytical  solution  / 
is  a  plane  wave  traveling  In  direction  a.  Note  that  the  error  becomes  zero  when  /  coincides  with  one  of 
the  metrons.  This  is  still  true  for  points  on  the  outer  boundary  B:  M£I  automatically  produces  in  this 
case  a  perfectly  absorbing  boundary  condition. 


Fmpe  6  The  relative  loc^  er;or  f?*  on  an  inner  point  (left)  and  on  a  boundary  point  (right)  become 
zero  as  soon  as  the  exact  solution  is  used  as  a  metreo.  n*  is  shown  as  a  function  of  the  angle 
o  between  the  propagation  direction  of  the  exact  solution  /  and  the  horisonial  direction.  Here 
A/d  »  15.7. 

Figure  7  gives  the  same  information  as  fig.  6,  but  now*  for  the  metrons  of  case  4  in  fig.  2.  Both  the 
inner  equation  and  the  ABS  on  the  outer  boundary  B  produce  very  accurate  solutions,  if  the  metrons 
are  close  to  the  exact  solution. 

In  all  cases  considered  up  to  now  the  local  enor  is  at  least  one  order  of  magnitude  smaller  for  inner 
points  than  for  points  on  the  outer  boundary  B.  However,  the  error  is  small  as  long  as  the  metrons  are 
close  to  the  solution.  The  choice  of  the  metrons  has  a  strong  influence,  particularly  on  boundary  points. 

4.  The  Global  Interaction  Between  Metrons  and  Solution 

As  a  first  example  we  intentionally  take  poor  metrons.  A  circular  cylindre  is  illuminated  by  a  plane 
wave  coming  from  left.  The  scattered  field  to  be  computed  using  M£I  is  a  wave  traveling  away  from  the 
Katterer.  In  spite  of  this  knowledge  we  use  metrons  like  in  case  4,  fig.  2,  but  propagating  to  right  rather 
than  to  left.  The  solution  is  real  rubbish:  The  scattered  wave  travels  right  to  left  ^  just  as  the 

metrons  with  an  amplitude  even  larger  than  that  of  the  incident  field.  Figure  8  gives  a  plot  of  this 
(wrong!)  scattered  field. 

Next  we  solve  the  same  problem  using  outgoing  multipoles  as  metrons  and  find  a  correct  solution. 
But  if  we  use  ingoing  mxUtipoles  we  find  again  a  rather  strange  solution.  See  fig.  9. 

Provided  that  good  metrons  are  used  M£I  delivers  quite  accurate  results.  This  is  shown  in  fig.  10- 
.As  a  general  result  we  found  that  the  use  of  more  metrons  thin  necessary  —  the  coefficients  C{.-  are  then 
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tjo  -tr/o  t/5 

Fx'gurt  7  The  reUtivR  lood  error  becomes  ver>'  sm*U.  if  the  mctrons  &od  the  exAi:i  solution  are  close 
together.  On  the  other  hand  the  error  ia  increased  as  soon  as  the  metrons  ire  really  different 
from  the  exact  solution.  Note  that  boundary  points  produce  higher  errors  .ban  inner  pcjots. 

Here  \fd  «  15.7. 

obtained  by  solving  an  overdeterxnined  system  of  equations  using  least  squares  techniques  turns  out 
in  better  results,  particularly  iu  the  near  field. 

The  fact  that  the  choice  of  the  metrons  has  an  infiuence  onto  the  result  may  be  seen  either  as  an 
advantage  or  as  a  drawback.  It  is  p>satble  to  take  into  account  a  priori  knowledge  about  the  solution 
by  an  'intelligent'  choice  of  the  metrons.  E.g.,  K.  K.  Mei  et  al-  (1]  has  used  a  specific  type  of  metrons 
(ontw’irds  ra^ating  fields  of  arbitrary  (non  physical)  current  distributions  on  the  scaiterer)  and  found 
reaaonable  AJC’s  from  these  metrons. 


5.  Th«  Program 

A  2D  electromagnetic  T&  or  TM-scattering  code  has  bees  written.  It  uses  the  mmptool  [3r4]  for  the 
data  input  u  wall  as  for  the  represenution  of  the  results.  This  is  advantageous  at  preprocessing  in  the 
sense  that  almost  arbitrarily  complex  shapes  of  scatterers  tuay  be  constructed  in  very  short  time,  any 
regular  or  nonregular  grid  may  be  used  and  any  MMP  expansion  function  may  h*  declared  as  a  metion. 
The  advantage  at  output  time  is  that  all  leaturts  of  field  representation  —  E-,  M-  and  S  field  plots 
mcluding  animation,  densitity  plots  etc.  are  possible. 

The  only  new  written  part  is  a  MEI  module  performing  the  calculation  of  the  M£l  coeffldente  and 
the  setup  of  the  MEI  matrix.  A  Linpack  solver  is  used  for  the  solution  of  the  (spsrse)  MET  matrix.  Data 
exchange  between  MEI  and  MMP  goes  through  ffles  which  have  appropriate  MMP  formats.  Finally  a 
high  level  ’manager  program'  has  been  written  to  haadie  the  data  exchange  between  MMP  and  the  MEI 
module.  This  manager  program  includes  'macro  features'  (to  shorten  several  steps  to  a  single  one)  and 
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FunifK  6  The  sceCtercr  is  inuimo4ted  from  left  (TM<<.Me).  The  plot  shows  the  (wrongf)  instActaneous 
value  the  total  eleetroma^etic  field  eaerf}'  obtuned  by  MEl  with  e  poor  set  of  tnetrons. 
Note  that  the  patchea  are  traveliag  from  right  to  left,  just  m  the  mecroos.  Here  X/d  =  30, 
diameter  of  the  ecatteriag  eyliadre;  A/2. 


Fxaur*  9  The  use  of  difftreol  metrous  for  the  tune  seMuriag  problem  gives  very  differest  results.  Both 
pictures  show  the  time  mean  value  of  the  total  Poyoting  field.  Ct.ngc>ix>g  multipolcs  as  metroos 
yield  a  correct  solution  (left)  while  ingoing  multipoles  ss  mctrons  yield  a  totally  wrong  power 

flux  looking  as  if  it  came  from  the  opposite  side  than  the  incident  field  but  the  power  flux  is  i 

from  left  to  right  in  both  cases.  Here  A/d  a  30.  diameter  of  the  scattering  cytindre:  A/2.  | 

automatic  flJe  generation  and  file  naming.  The  program  runs  on  Sun  workstations  (UNIX).  It  is  available  | 
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Fiaun  lO  Compftmoa  of  MEI  (1«A)  aad  MMP  (ri^t).  Th«  tiin«  mMA  viJu«  of  the  Poyntin^  vector  (to- 
Ul  field)  is  tbowa  in  the  aeerfleld.  «ccar«cy  of  the  MMP  eolution  is  better  then  1%  end 
may  be  Ufeen  «•  e  tefsteoce.  For  the  MEI  9  mettoss  (outgoing  multipolee)  heve  been  used 
(-^leeet  eqoeree  for  coznputiag  the  coeAcicnta  etj).  Note  :het  the  MMP  solution  hes  no  prob¬ 
lems  et  the  outer  boundery.  Dirnensioa  of  the  whole  ^lure:  x  4X.  X/d  =  In. 

from  the  enthors. 


6.  Snmmajy 

We  fa&ve  thcnvn  thet  the  quality  of  MEI  soiations  does  depe&d  oi.  the  choice  of  the  metrons.  Iti  genera) 
the  solution  tends  to  become  similar  to  the  metrons.  This  may  be  seen  as  an  advantage  since  a  priori 
knowledge  about  the  solution  may  be  brought  in  by  a  particular  choice  of  the  metrons.  Using  more 
metrons  than  necessary  and  computing  the  grid  operator  by  least  squares  techniques  yields  beite:  results 
particularly  in  the  near  field.  This  is  at  least  true  for  the  example  in  fig.  10.  Lowever.  poor  metrons 
deliver  rabbish  rather  than  results.  The  presented  program  allows  it  to  play  with  diiferent  choices  of 
metrons  and  to  represent  the  results  in  many  different  ways. 
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Abstract 

Over  the  years,  a  large  rjimber  of  procedures  have  been  proposed  for  the  analysis  of 
dielectric-loaded  waveguiding  structures.  Most  of  these  approaches  are  unreliable  because  of  the 
appearance  of  spurious  modes  Recent  research  demonstiaies  that  mixed-order  covariinl  projection 
finite  dements  eiimirtate  difficulties  with  spurious  modes  in  vector  waveguide  formulations  (IJ 
Furthermore,  the  functions  introduced  in  [1]  can  be  extended  to  higher  polynomial  o''ders  and  allow 
parametric  mappings  to  cells  with  curved  sides 

This  presentation  describes  approaches  for  finite  element  analysis  of  open  and  closed 
didectric-loaded  waveguiding  structures  using  mixed-order  covariant  nrojection  finite  elements. 
Details  of  the  dentent  matrix  calculations  will  be  presented.  Efficient  sparse  eigensolvers  based  on 
iterative  methods  will  be  described  which  can  handle  both  non-linear  as  wdl  as  linear  eigenvalue 
equations.  The  treatment  of  open  geometries  using  local  absorbing  boundary  conditions  will  be 
discussed.  Aiulysis  results  will  be  presented  that  demonstrate  the  ability  of  the  formulations  to  solve 
for  the  propagating  nndes  of  boxed  and  open  microstrip  lines,  without  the  appearance  of  spurious 
modes. 

IntTTfllKtWH 

The  finite  element  method  is  a  uss  'ul  technique  for  analyzing  propagating  .modes  in  waveguiding 
structures.  A  scalar  formulation  in  terms  of  the  longitudinal  component  of  either  the  dearie  or 
magnetic  fidd  is  normally  used  when  analyzing  homogeneous  structures  loaded  with  isotropic  material. 
However,  the  scalar  formulation  is  inadequate  (except  as  an  approximation)  for  analyzing  waveguides 
with  inhomogeneous  cross  section  or  anisotropic  materials  [2]. 

To  analyze  waveguides  inhomogeneously  loaded  with  didectric  material,  (he  fiiiite  ulemeni 
formulation  must  conrider  at  least  2  veaor  fidd  components.  Most  veaor  formulations  are  plagued  by 
the  occurrence  of  spurious  solutions  mixed  in  with  the  true  ones.  Many  techniques  have  been  proposed 
to  deal  with  the  problem  of  spurious  solutions  (l-S) 

One  approach  that  effectively  diminites  spurious  solutions  uses  mixed  r  covariant 
projection  finite  denienis  in  a  standard  problem  formulalion  [1]  This  prese:  sciisses  the 

application  of  these  elements  to  the  solution  of  dielectric  loaded  waveguiding  structures. 

The  waveguiding  structure  under  consideration  is  assumed  to  be  uniform  along  the  longitudinil 
axis  (z)  and,  in  goieral,  non-uniform  across  the  transverse  plane  (x  -y)  The  structure  is  assumed  to  be 
filled  with  a  source-free,  inhomogeneous,  isotropic,  lossless  dielearic  material,  with  permitivity 
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*(*•>)  =  *o  *ii<i  pcraieibUity  n(x,>)  =  M*,>/  \i^  (typicilly  Mr(x,>')  =  I ).  The  time-dependent 

electTonugnedc  fields  in  the  waveguide  at  the  frequency  a  are  assumed  to  have  the  fonn 

J'{x,y,i,l)=Ke  {H{x,y)  exp;(o>/ - pr)}  (1) 

-''(i,,v,x,f)=Re  {£(x,y)  exp^to'-Pr)}  (2) 

where  p  is  the  propagation  constant  in  the  i  direction. 


Miaetl-Order  Cevariant  Pmiettleii  Finite  Ek«enti 

Mixed-order  covariaiu  projection  finite  eltmenu  were  proposed  by  Crowley  in  [  I  ]  These  finite 
elemenu  have  been  demonstrated  to  not  allow  spurious  solutions  in  standard  vector  formulations. 
These  elements  fall  into  the  general  category  of  'edge*  or  'tangential'  elements.  In  the  global  mesh, 
continuity  of  tangential  fields  ber.veen  elements  is  maintained  but  normal  continuity  is  not. 


A  general  curvilinear  quadriiateral  element  in  the  x-.v  plane  is  mapped  into  the  standard 
quadrilateral  element  in  the  f|  plane  as  shown  in  Figure  I.  In  the  standard  element,  the  six 
directed  basis  functions  vary  linearly  with  5  and  quadralically  with  q  (hence  the  term  "mixed-order") 
Likewise,  the  six  q  directed  basis  functions  vary  linearly  with  q  and  quadralically  with  These  twelve 
functions  represem  the  transverse  field  .^mponenu  As  suggested  by  [6-7],  the  longitudinal  (r) 
components  are  represented  by  nine  Lagrangian  basis  functions  with  quadratic  dependence  in  both  f, 
and  q .  In  lOtal,  thm  are  12  transverse  and  9  longitudinal  basis  functions  per  element 


Figure  I 

SumUrd  Eiemcni 


Derivation  of  rinitt  Element  Eitenvalue  Eauatioas 

The  finite  eiemem  formulation  is  based  on  the  vector  Helmholtz  equation: 

vx(^vxjy)  (3) 

where  kj  =  co*  e,  |1„  (4) 

Assuming  the  general  form  of  (I),  the  transverse  components  can  be  separated  from  the 
longitudinal  components  according  to: 

«(x.>-.z)=  {ff,{x,>)  +  f /f.(x.>)}rxp(-;|L-)  (5) 
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II  follows  ftom  (S)  thu  the  veaor  Helmholtz  equtlion  cin  be  septrated  into  two  parts,  a  vector 


equation  that  is  entirely  transverse  to  i  : 

(6) 

and  a  scalar  equation  that  has  only  i  components: 

-V.  •  I  r(v.  H,  }  =  *’  p,  //.-  (7) 

At  this  point,  one  can  proceed  to  derive  an  eigenvalue  equation  with  either  kl  or  as  the 
unknown  eigenvalue.  The  derivation  that  follows  considers  kj  to  be  the  eigenvalue,  with  given 

For  convenience,  the  following  scaling  is  introduced  (6]: 

=  (8) 

=  (9) 

Using  (8)  and  (9),  equations  (6)  and  (7)  can  be  rewritten  as: 

V,«(iV,xh,}+i(32  V,/i..  +  P’A,)  =klp.rh,  (10) 

-V,{a(v,*..+*,))=*Jp,/i,  (II) 

Coupled  weak  equations  are  constructed  by  ’testing*  the  veaor  equation  (10)  with  a  transverse 
veaor  testing  function  T{x,y)  and  testing  the  scalar  equation  (1 1)  with  a  scalar  testing  fondion  7Xx,y) 
After  using  some  veaor  identities  and  manipulating,  the  following  equations  are  obtained: 

iji{vxrvxS,  +  p>r.S.4.p’f  VA,}=ii|u,r.S, .  i[±f  nxVxh,  (U) 

jfi(Vr  VA,-..V7'.5,}=*J  |[n,rA,  +  (13) 

where  ST  is  the  outer  boundary  of  the  region  T  and  n  is  the  outward  normal  on  of 


EmployiiQ  the  covariant  projeaion  elements  for  the  field  arul  testing  fonaions  produces  the 
following  matrix  eigenvalue  equation: 


where:  dl,  =  “  r""  •  ^  ■*■  f  r  ^  ('5) 

=  (16) 

-^S-x^JlcVT-.  s,  -  J  (17) 

VB.  -  f  ir,  ^  (18) 

(19) 

B^=5nrT.B.  (20) 


146 


If  the  problem  is  formulited  to  solve  for  as  the  eigenvalue,  with  k\  given,  a  similar  derivation 
leads  to  the  follawing  global  matrix  eigenvalue  equation 


8"  0  ] 

8='  0 

where,  = 

Vxf,  Vx8,)  -  kl 

Ur  8,| 

h, 

+  j  r,  n  K  V  X 

bf 


(21) 

(22) 


(23) 

r<=.  =  l[{i(vr,  .vfl.)-*iti,  r.B.}  -  lir.Sf  (24) 

=  (25) 

fii,  •  -ffi-  vr.  -.8.  +  \iT.h  -3,  (28) 

ar 


In  the  case  of  a  perfect  electric  conductor  (PEC)  or  perfect  magnetic  conductor  (PMC) 
boundary  condition,  it  can  be  shown  that  all  line  integrals  along  ST  go  to  zero  Foi  open  region 
problems,  special  treatment  of  the  boundary  imegrals  must  be  considered  One  such  approach  is 
addressed  in  the  discussion  of  the  open  microstrip  problem 

T)ie  PEC  boundary  condition  is  the  natural  boundary  condition  for  the  H  formulation.  The 
PMC  boundary  condition  is  an  essential  boundary  condition  which  is  imposed  by  enforcing  that  the 
magnetic  6elds  tangential  to  the  boundary  are  equal  to  zero 


herattve  Solver  Method 

The  matrix  eigenvalue  equations  of  (14)  and  (21)  can  be  written  in  the  general  form: 

M)ixiXt8)J  (27) 

Because  there  are  21  unknowns  per  element,  the  global  matrices  [/4]  and  [8)  are  large  and  very 
spine.  It  has  been  observed  by  various  researchers  (e  g.  (7))  that  in  edge  element  formulatioiu  using 
k^as  the  eigenvalue,  there  are  as  many  zero  eigenvalues  calculated  as  there  are  free  longitudinal 
components.  It  has  been  observed  by  the  authors  that  in  the  present  formulation  using  as  the 
eigenvalue,  there  are  as  many  eigenvalues  that  approach  infinity  as  there  are  fiee  longitudinal 
components. 

In  order  not  to  waste  computational  resources  on  calculation  of  zero  or  infinite  eigenvalues,  and 
to  allow  analysis  of  medium  sized  problems  (-5(X)  unknowns)  on  a  personal  computer,  the  authors  have 
developed  an  iterative  solver  using  sparse  matrix  storage  techniques.  This  solver  is  besed  on  the  shifted 
inverse  power  method  which  converges  to  the  eigenvalue  closest  to  a  selected  input  parameter. 

Choosing  an  arbitrary  parameter  p.  the  generalized  eigenvalue  equation  of  (27)  can  be 
manipulated  as  follows: 

[(,4]-M[fll)i  =  (X-u)I8)i  (28) 

15)2  (29) 

When  equation  (29)  is  iteratively  solved.  X  and  x  will  converge  to  the  eigenvalue  and  eigenvector 
corresponding  to  the  eigenvalue  closest  to  p.  provided  that  the  initial  'seed'  vector  z  does  not  closely 
resemble  unoinef  solulion  cigerivectCi . 
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In  otier  to  avoid  purforming  an  explicit  matrix  invenion,  the  algorithm  actually  iterates  using 
the  following  variation  of  equation  (29) 

(30) 

where  r'*'  is  the  unknown  vector,  i'  is  the  value  of  the  unknown  vector  calculated  in  the  previous 
Iteration,  and  11  tepresents  the  Euclidean  norm  After  each  iteration,  is  computed  and  compared 
to  Its  value  in  the  previous  itenticn  When  |('*'  |  converges  to  a  stable  value,  the  eigenvalue  X  is  found 
from 

5;^  =  |r-'|  sgn{i"'  X')  (31) 

whue  sgii{'}  it  the  Sigmim  fiinctiun.  The  inmil  teed  vector  i  is  created  using  a  random  number 
general  Of  in  an  attemp'  to  avoikl  possible  resembicnce  to  n  paniotiar  eigenvector  and  ensure  that  the 
algornhm  converges  to  the  eigenvahit  clotest  to  X 

In  the  solver  implemented  by  the  authors,  the  shifted  inverse  power  method  is  extended  to 
caloilate  the  act  of  eigenvalues  {X,)  that  are  clotest  to  p.  This  is  accomplished  by  working  with  a  set 
of  eigenvectors  {ic,}  which  are  oithogonaliaed  after  each  solver  iteratio.i  using  a  Gram-Schmidi 
orThonormaiaation  procedure  Ex;  enmemal  trials  show  that  the  resulting  set  of  eigenvalues  and 
eiguivecton  ccerespood  to  the  set  of  eigenvalues  closest  to  the  input  parameter  p. 

The  toivtr  is  based  on  a  sparse  matrix  storage  scheme  and  uses  the  YI2M  subroutine  library  to 
lolve  the  let  pf  linear  equatioiis  represmied  by  (30)  (8]  The  user  can  vary  the  desired  number  of 
esgecuiluea  The  required  number  of  iterations  ‘ncreases  with  both  the  distance  between  p  and  the 
target  eigenvalues  and  the  number  of  desired  --igtiivalues.  Fot  a  selection  of  1  or  2  eigenvalues,  the 
solver  rypiealK'  converges  tn  ttr.  digits  of  accuracy  within  10-40  iterations  The  practical  maximum 
number  of  eigenvalues  thni  can  be  solved  it  a  time  is  about  4  Beyond  this  point,  the  accuracy  of  the 
outer  agenvahies  atflert  and  the  convergence  rate  stagnates 

Aantrati—  to  Buied  Micfastrin 

A  fimie  dement  analyiis  tool,  based  on  expiation  (21)  and  the  previously  discussed  eigensolver, 
has  been  written  in  FORTRAN  77  This  tool  am  analyze  geometries  bounded  by  either  PEC  or  PMC 
A  cteftil  application  of  (fai-  tool  is  to  analyze  the  propagating  modes  in  boxed  iracrostrip  The  covariant 
prqycction  vector  finite  deiuciits  have  been  recommended  for  this  type  of  problem  because  edge 
dements  can  better  handle  the  smgulantiu  that  occur  at  the  strip  edges  [7] 

The  geometry  of  the  problem  is  shown  in  Figure  2.  Because  of  the  symmetry  in  the  p.oblem, 
only  the  right  half  plaiM  of  the  geometry  wis  analyzed.  A  FMC  was  uxd  as  a  boundary  condition  in 
the  plane  of  symmetry  Thirty  six  donetiu  were  uied.  and  after  imposition  of  essemial  boundary 
crn.'litioos,  443  ueknewns  remained  Ulog  in  HP/Apollo  720  RISC  wotkstarion.  construction  of  the 
g'otnl  matrisii  required  about  100  seconds,  and  the  solve'  iteration  time  '.vas  around  0  05  seconds  per 
'  igenvsluc  itent'O!; 

The  lesults  of  the  analysis  are  in  close  sgreemert  with  those  of  [7]  'obtained  using  an  alterriite 
covariant  projection  finite  dement  fo, mutation)  and  [9]  (obtained  using  a  formulation  based  on  an 
integral  equriion  method  with  the  microstrip  currems  ai  the  unknown  functions).  No  spurious  modes 
were  observed  Figure  3  shows  a  comparisor  between  the  first  six  modes  calculated  using  this  method 
sndihaiof{>] 
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In  order  to  tnalyze  open  problems,  a  boundary  condition  that  miinics  infinite  space  must  be 
imposed  along  the  outer  boundary.  In  general,  this  type  of  boundary  condition  is  a  non-linear  (unction 
of  the  eigenvalue  and  complicates  the  eigensolutiun  procedure. 


To  analyze  the  problem  of  open  miaosthp  line,  an  approach  adapted  fiom  [10]  was  used  This 
approach  dififen  from  [10]  and  other  similar  methods  in  that  the  desired  field  behavior  is  enforced  using 
an  "absorbing  boundary  condition"  rather  than  tome  type  of  "infinite  element". 

Along  the  boundary  to  the  open  region  of  the  problem,  it  is  assumed  that  the  magnetic  fields 


exhibit  exponentiai  decay  in  the  open  region  according  to: 

/f(i«,>'o.z)  =  Ar(x„>'o)  exp  [-ot,(r-x,)-aj(y ->-„)}  (32) 

where:  a,  =  a  (n  •  i)  (33) 

ay  =  a  (n  y)  (34) 

o=;p»-e,*;  (35) 


and  where  n  is  outward  normal  to  the  boundary,  and  a,  and y^tre  points  along  the  boundary  cT.  The 
parameter  ya  is  in  effect  the  propagation  constant  of  the  transverse  wave  in  the  />  direction  The  field 
will  exhibit  exponentiaJ  decay  in  the  open  region  (e  g  a  is  real  positive)  as  long  as  is  greater  than 
e,  bj .  By  selMing  the  geometry  of  the  finite  element  mesh  so  that  ail  n  of  the  boundaries  to  the  open 
region  are  directed  approximately  radially  outward,  the  fields  at  these  boundaries  can  be  forced  to 
exhibit  exponential  radial  decay.  This  effectively  creates  a  type  of  absorbing  boundary  condition.  The 
desired  field  behavior  is  embedded  in  the  global  meshes  via  the  boundary  line  integrals  using  the  basis 
fiinctions  modified  as  shown  in  equation  (32)  The  resulting  eigenvalue  problem,  however,  is  non-linear 
atd  special  solution  techniques  must  be  used 

The  finite  element  code  used  to  analyze  the  boxed  microstrip  problem  was  modified  to  perform 
analysis  of  open  boundary  problems  with  fields  exhibiting  exponentiai  decay  in  the  open  region  The 
iterative  nature  of  the  existing  solver  allowed  solution  of  the  non-linear  eigenvalue  problem  with  only 
minor  modification  of  the  algorithm  The  solver  was  modified  such  that  for  each  iteration,  the  boundary 
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line  integnlj  of  the  danent  mitricei  were  recalculated  using  the  value  of  obtained  in  the  previous 
iteration.  The  present  version  of  the  software  can  process  only  real  valued  data  Thus,  in  the  case  that 
a  for  a  particular  dement  is  complex  (e  g.  is  less  than  c,  kl),  the  algorithm  sets  the  value  of  aequal 
to  zero  to  avoid  generating  complex  matrix  entries.  Since  the  value  of  a  depends  on  the  particular 
propagating  mode  of  the  wave,  the  non-linear  solver  can  process  only  one  eigenvalue  at  a  time  for  a 
particular  input  p. 

The  modified  code  was  used  to  analyze  the  propagating  modes  of  the  open  microstrip  geometry 
shown  in  Figure  4.  The  finite  dement  me^  it  sketched  in  this  figure,  and  the  boundary  to  the  open 
r^on  wu  approximatdy  comddent  on  a  drde  of  radius  3.0  mm  about  the  origin  (straight-edged  cells 
rather  than  curvilinear  c^s  were  used).  Beouise  of  the  sytnmetiy  of  the  problem,  only  the  right  half 
plane  of  the  peomeiry  was  madded.  A  PEC  or  PMC  was  used  as  a  boundary  condhion  in  the  plane  of 
symmetry,  '  .jyrng  with  different  propagating  modes  Nineteen  elements  were  used,  and  depending 
whetho'  a  PMC  or  PEC  was  used  for  the  plane  of  symmetry,  the  number  of  unknowns  was  either  252 
or  268  Using  an  HP/Apollo  720  RISC  workstation,  construction  of  the  global  matrices  took  about  50 
seconds,  and  the  salver  iteration  time  was  around  I  0  seconds/iteration  The  increase  in  the  iteration 
time  is  attributed  to  the  fact  that  L-U  decomposition  of  the  matrix  ([^4]  -  m[£]]  was  performed  at  each 
item.lian,  whereas  in  the  previous  solver,  this  was  performed  only  once  for  each  selection  of  p 

The  results  of  the  analysis  are  in  close  sgreemeru  with  those  of  [II]  (obtained  using  an  integral 
equation  technique)  and  [12]  (obtained  using  an  EFIE  method)  No  spurious  modes  were  observed. 
Figure  5  shows  a  comparison  of  the  various  results. 
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Opan  Microsirip  Geometry 
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Ci^ai|»ivoD  of  Results  for  Open  Microsirip 


Conclusions 

The  applicition  of  mixed-order  covirianC  projection  elonents  to  the  finite  element  analysis  of 
propagating  modes  of  didectric-loaded  waveguiding  structures  has  been  presented.  Approaches  have 
been  developed  which  can  treat  both  closed  and  open  waveguide  problems  Det^ls  have  been 
presented  for  sparse  eigensolver  aigoiithms  that  can  solve  the  traditional  linear  .Mgenvaiue  matrix 
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equation  aa  well  as  the  non-linear  eigenvalue  equation  that  results  during  the  analysis  of  the  open  region 

problem.  The  formulations  avoid  the  calculation  of  spurious  modes  and  sample  resul's  show  good 

agreement  with  other  published  data. 
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A  FlniU  CWmani  FormuUtloo  lor  MultipoW 
Mod«a  Ia  AxiaymaMtrie  Strocturat* 

E.  M.  Ndaoii 

fuaiord  TinWT  Accelerator  Ccstcr 
Staslord  Uaivenity,  Staa&ndf  CA  943Cd 

Abgtnct 

finite  element  field  aolver  ior  mnltipde  modes  in  axMsanmeitic  atmetares  ha«  been  written  and  tested.  The 
oohwr  it  baaed  on  a  weak  Teriiaa  of  tbc  earl<cnrl  formulatija  of  Maxwell’s  eqoatioas  ia  cyliudhcal  coordinates.  A 
combiaatioB  of  mixed-order  (edge)  and  lsgraog«-tj^  basis  foat-iioas  are  used  to  avoid  spurious  modes.  Second* 
order  tciaaguUr  eleocnts  are  emplojwd  to  obtain  very  acenrate  mode  frequencies.  Elements  which  touch  the  axis 
OSS  spadal  basis  faaetioas. 

Ibats  on  ana^tkalbr  aolabk  stracteres  demoastrmte  the  aeeoracy  of  the  computed  mode  freqnenctct  and  the 
avoidance  of  sporiims  m^at.  A  disk-loaded  waveguide  example  demonstrates  not  only  the  accuracy  of  the  solver 
bat  abo  boundary  condltiooi  for  periodic  and/or  sTametric  structuns.  The  solver  has  been  applied  to  the  deriga 
of  detuned  accelerator  stmeturet  lor  the  next  generation  of  linear  colliders.  A  precise  distribution  of  dipole  modes 
is  raqaijred  to  the  rflcci  of  wahcfields.  An  uvermoded  90*  waveguide  bend  example  demonstrates  the 

appUeabSlttyr  of  the  solvwr  to  carved  waveguide. 

Finite  Elomoat  Forstulntion 

Consider  an  mdsymmetric  structure  represmted  by  the  two>diniensioaal  regioo  fl  end  various  types  of  bound- 
aries  in  the  s-p  plane-  The  boundary  Tmui  is  a  perfectly  coadneting  metal  boundary  and  and 

are  srmmetry  planes  of  the  structure  with  dectric  and  magnetic  boundary  coaditious,  respectively.  For  periodic 
ftmetares,  it  is  one  cdl  bounded  by  FhfE  and  Ttigai  o*  shown  in  figure  1(a),  and  for  symmetric  periodic  structures, 
ft  is  a  half  cvQ  bounded  by  and  rcrw.ri«M  as  shown  in  figure  1(b). 

Writing  the  problem  in  cylindrical  coordinata  x,  p  and  4  with  field  wmponesu  £4  and  the  solutions 
can  be  decomposed  into  ondtipole  modes  with  azimuthal  dependence  e*”*^.  A  weak  (onnulation  of  Maxwell’s 
equarions  Sof  this  proldem  in  the  gaussian  syvt^  of  units  Is:  pvea  the  regioa  ft,  its  material  properties  c  and  ti, 
an  asimuthal  symmetry  anflri>cr  m,  and  poeribly  a  phase  advance  4  (for  periodic  etrueturcs),  find  the  cigenmode 
firidi  Ii€Ug  and  the  corTW^>onding  etgravaltes  u*/c^  such  that  for  all  test  fancUont  F  €  Ucf 

J^{(V»T-).f,-'{VxE)~‘^T’-a^}2wpdp<ii^D  (U) 

where  the  space  Ug  of  test  and  trial  functions  is 

L'xE  B  0  00  r.M.1  aad 

“**'1*.  -  V*eri4n.  (li) 

'i>m{nxE}K0  on  no<^ 

am{a*E«”'*'’}-0  on 
nod 

*  Work  ni:ppoitfid  by  Doportmont  of  Eoergy,  conrrnct  DE-AC03-76SF0051S 
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(•)  lb) 

FisvfC  1.  The  fludttd  regioft  il  (a)  is  oot  etU  of  «  periodic  stracive.  The  dsshed  Uae*  sre  periodic 
bonndAriee,  The  Arrow  showi  the  ripd  motioa  A  tnAslAtiog  a  poiat  from  Ihc  bcQBdAr7  Fmi  to  the 
booBdAirTri^t.  The  shaded  regioa  (b)  represcott  one  hslf-cdl  of  a  epmoetric  periodic  structure.  The 
dasbod  ^ci  are  sfBOietrjr  pUaes. 


Fi(vc  2.  The  nup  c«  from  the  niASter  element  to  the  eth  etemeat  is  gnAdrstic  in  the  IocaJ 
coordiaAtet  r  and  «.  The  niAp  is  defined  by  coofxUfiAtcs  (r,p)  of  six  nodes. 

-  C* : 

((Vx£*)  •  (VxE}  +  £*  •  E]  2wfi4pdi  caosta  aad  is  finite}. 


Hie  unit  normAl  a  is  directed  into  the  region  ^  BoondAor  conditioiis  ou  the  axis  ere  implicit  in  condition  (Ic). 
For  periodic  prohleiDS,  the  modes  have  phnsc  Adduce  acroes  one  cell  of  the  structure.  A  simiUr  fomolAtion  is 
ATiilnble  lor  the  nugnetic  flcM  H  The  depesdcncc  on  m  in  (In)  is  embedded  in  the  enri  operator.  In  terms  of 
the  field  components, 


-  7  ' -stJ  (-57  -  iri  •"  7  iir  ~ 

«  Vj,  xE,  +  y  *  (mB.  -  Vi^,) . 


(J) 


where  »  —*fiE4t  Et  ■  iEi  +  fiE^  sad  ^  a  4'  Some  insight  cno  be  gsined  by  considering  a  problem 
with  no  media  (escoiun).  Then  eguatiou  (la)  bevomes 


Kc  f  p(Vj,xF.)-  (r^*E,)  +  i(n,F,-VifV)-.(mE,-Vj.£,) 

Jil  f 

1  •_  A 

—  -^(pFi  •  £(  +  £e)dpdr  «  0. 


(3) 


The  finite  eleaeBi  fornralation  n  this  work  ii  based  on  quadratic  triangnlsr  elements.  Let  x,  :  ^  ^  Hf  be 
the  map  from  the  master  element  fl  to  the  eth  element  n«  as  sbo^  in  figure  2.  For  na  element  not  touching  the 
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Figw*  3.  Exifiipk*  of  Weal  baaia  foactWar  ii  a  vector  field  aonaal  to  aidaa  3  aad  3.  TMs  field  could 
b«  a  baala  foactWa  fv  a  Uaaar  edge  elameat.  Nf ,  N»  aad  Nu  art  quadratic  baeie  fonctiont  for  the  vector 
fieM  £i  eoattraetad  from  Li .  Nt  aad  N|  have  -mo-mto  taageatial  field  oa  eidt  1.  The  tire  aad  direction 
of  the  triaagleo  iadieate  the  atacmtvde  aad  direciiea  of  the  vector  baiie  fuactaon 


axis,  the  tealar  fl^d  U  modeUed  by  accoad-order  lagraagvtype  baait  faactioas  Ni: 

TV, -r(2r-l)  ^a*.(2e-l)  TV,  -  -  1) 

Ni  *  ire  A'j  -r  4ii(  A’,  a  4rr, 

where  I  w  1  f  —  No^e  that  the  oap  li  a  Uaear  combioatioa  of  the  TVj  lined  above; 

W  ('.»).  (5) 

*«1 


where  xf  ife  the  (i»p)  coordioatca  of  the  ith  aode  of  the  eth  efeneot. 

The  baeii  foactWos  below  for  the  vector  field  £,  were  iaapired  by  tbe  covariaat  projectioa  eleme&ull}'[5]  of 
Crowley  aad  the  work  of  Neddec(6).  They  are  aimiUr  to  the  baais  firactioo*  described  ia  [7]  aad  |fi].  Startiag  witb 
vector  fiddi  Vj  taageatial  to  tide  i  aad  directed  cattaterdodk*Wc, 

V, --{V,  +  V,),  V,--^  ud  v,  =  ^.  (6) 

coaetnet  reciprocal  vector  fidds  aonial  to  aide  i  aod  directed  award, 


Ri  *  — (Re  +  Ra)t  Re  * 


♦  •(V,xV,7 


aad  R,  1 


»xV, 

#(V,aV,)' 


The  reciprocal  vectors  c»a  abc  be  writtee  aa 

R. 


,  _  fd0  d». 

'dr  dp'  'dr  dp' 


(y) 

(8) 


which  states  that  the  redprocal  vocton  are  derivatives  of  the  ioverse  of  tbe  elenvot  traasformatioo.  Now 
cosstroct  vector  foaciwaa  In  which  aatiafy  L(  •  V/  ■  d,/  oa  side  j  of  tbe  oleaeot: 


L,  ■  vRj  o  eR,,  If,  w  rRi  ~  tR^  aad  L,  w  tR,  vR,.  (9) 

Tbe  vector  fields  Li  are  soitabW  basis  foactioai  for  a  Uaear  edge  clemeot.  However,  quadratic  basis  fuaetioos  are 
employed  m  this  work: 

Nt  w  vL,  N,o  w  tl#j  N,,  «  —3sIq 

N,  —  sLi  N,,  » tL,  N,4  »  — 2thi>  (lO) 

Ns  m  sL,  Nt,  rXf, 

The  first  six  vector  basis  fuaetioos,  Nt  to  N,,,  have  con-zero  taagentiai  field  cn  one  side  of  the  elemeat.  This  field 
mutt  match  the  taageatial  field  of  tbe  adjaceat  elemeat,  if  there  is  oac,  ia  order  to  construct  valid  global  basis 
fuactWas.  The  last  tveo  vecior  basis  fuocuons,  Nts  sad  Nh,  have  ao  taayeatisl  firld  oa  tbe  element  tides.  Each 
of  the  Weal  vector  bens  fnactiofis  N,,  and  Nu  by  themselves  ooastitote  valid  global  basis  fuaetioos,  thus  they  are 
iatemal  degrees  of  fre^'.dom  for  the  dement.  Figure  3  shows  some  of  these  local  basis  (uactioas. 


154 


EltaenU  which  th«  ucU  An  reitrictcd  to  thAt  tb«  glohd  bMU  fuACticai  Mtiafy  conditioo  (Ic).  The 

impcrtADt  tenni  an  tbcwe  w«ight«d  by  l/^,  beset 

il^mO  «ad  mE, -Vx£^«0  ^il) 


tf  required  of  each  haeU  fosccios.  This  u  acoomplUhed  by  tuiog  Uftcar  combiDAtiou  of  the  b«m  fuocttons  above. 
First  consider  the  m  0  ease.  For  as  element  with  as  edge  (edge  3)  os  axis  there  are  6  local  Uaaia  (unctions. 
Written  as  (£1,^4)  they  an: 


N,-(^R.,r.)  N. -(.t,.0)  N,  -  (-2jL,,0). 

Ad  dcmcAt  miL  tuDcttr  odd  Dod«  (node  2)  on  nxU  tu*  11  tocnl  baw  fnactionc 


N,  *(0,r(Jr-l)  +  ri) 
N,  =  (0,  ((St -!)  +  .«) 
N]  ~  (0,4rt) 

N, -(^L„r.) 


Ni -(-!.„«) 

N.  =  (rli.O) 
Nt  » (tl.,,0) 
Ni-=(tL,,0) 


N,  =  (rl.,,0) 
Nio  *  (— 2*Ls,0) 
N„  -(-StLi.O). 


(12) 


(13) 


For  the  epedal  case  m  a  0  the  fields  E|  and  £4  an  uacotipled  and  can  be  aeparated  If  dcstred.  A  qnadratic  dement 
with  edge  3  os  axis  has  one  basis  fonctioa, 

M-e*.  (14) 

(or  and  all  8  basis  functioos,  Ns  through  Ne.  for  E«.  A  eletneot  with  only  node  2  on  axii  hae  three 

basis  fuactioas, 

Mf(2r-l)  +  f<  A*  l)  +  s*  and  AT,  =  4rt,  (15) 

for  £4  and  all  6  baait  functioai,  N4  thtoogh  Nti,  for  Ei- 


Taets 


The  (dnnnlatioQ  his  been  tested  on  tome  analytically  soluble  problems:  an  annnUr  ring  (Le.,  a  length  o( 
coaxial  cable  shorted  la  the  two  ends),  a  piDboK  and  n  sphere.  For  the  ring  the  eigexmlne  error  is  0{h*) 

when  k  is  the  «m  of  the  eleaenta.  For  the  pillbox  and  the  sphere  the  eigenealae  error  is  0{K*-*).  Examples  of 
Babes  for  «  sphen  an  ahown  in  figure  4  and  the  error  of  the  computod  eigemalne  for  the  10  lowcet  m  m  1  modn-s 
as  the  BMsh  is  nftned  is  shown  in  fignn  S(a).  The  fonnolarioo  conmga  smoothly  to  the  exact  eigenvalue  a*  the 
mesh  is  refined,  whkh  aOows  axtrapoUtion  of  ibc  eempoted  etfeavaloa  to  as  iafiniuly  refined  mesh  to  obtain 
a  better  estiatate  of  the  exact  eigewolaa.  In  figare  5(b)  the  error  of  the  competed  eigesvaloa  in  a  pillbox  is 
shown  as  a  Action  of  m.  The  relative  error  of  the  computed  cigcovalne  iacreasa  slowly  as  m  incream  beyond 
m  *  2.  Beset,  the  fomulatiea  is  soiuble  for  Urge  m.  la  addition  to  integer  tasts  on  an  aannUs  ring  show  the 
formuUtioQ  works  wdl  for  nos-iateger  m  as  welL  For  more  details  of  tbaw  u.sit.  see  [9]. 

Mcasarcments(10]  of  the  dimensioni  and  rcsonaat  fnqueaoes  of  a  stack  of  ax  c^  of  diak-loadcd  waveguide 
wen  ased  to  lertber  tast  this  foRBaUtioa.  The  stadt  consists  of  five  ceils  with  a  sbertod  half^cell  at  each  end. 
A  meah  is  shown  in  figan  7(a).  The  measarad  dimensioat  are:  cell  diameter  2.159cm,  disk  aperture  diameter 
0.8574cm,  disk  thkknea  0.1464cm  and  period  0.8751cm.  Tbe  dispetsiOD  diagram  for  this  structun  is  shown  in 
figure  7(b).  Tbe  mcaeured  frequeacMs  U  the  second  band  agree  with  the  computod  frequencies  to  better  than 
0.1%.  The  estimated  error  of  the  corapnted  frequeaeia  is  lea  tbaa  0.01%,  so  tbe  discrepaacla  an  probably  due 
to  fabrication  and  measunmeal  errors  of  the  six  oeU  stack. 

AppUcatioss 

Tbe  motivation  for  this  work  was  the  design  of  detuned  aceelcrator  stnieiarajll].  A  predse  distribution 
of  dipole  moda  is  required  to  tke  effect  of  Wakefields.  This  solver  was  used  to  compute  the  dipole 
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Fi^art  9.  RtUtivi  trror  of  tb«  computod  «g«nintla«  ra  (»)  lavli  reflaemcst  ud  (b)  m.  la  (»)  tbe  ciertric 
fold  ti  coapvted  (or  tbo  m  «  1  modoo  of  «  sphere  with  ruUns  1.  In  (b)  the  electric  field  is  competed  on 
ft  912  demm  mesh  for  ft  ptFbox  with  leofth  I  and  radin*  1. 


E  TMiti  H  E  TMni  H 


Fi^rt  6.  Field  plots  of  the  two  lowest  m  *  1  modes  of  a  sphere  based  on  thr  256  elemeot  mesb  in 
figure  4.  The  txiftoglee  represent  the  mftgzkitode  and  direction  of  the  fields  E|  and  Hi-  The  tixe  of  the 
drdcs  repreeest  the  magaitede  of  the  (isugiBarj)  fields  £4  and  B4.  A  croteed  circle  indicates  the  field 

is  aegative. 
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flfun  7.  A  coaiM  awh  (a)  aad  a  n«afa  (b)  iot  om  baIf<«U  of  diik-loaded  wavoguide.  The  left 
aad  right  edges  are  eymmetry  pUaa.  Tbe  bottom  edge  is  the  axis.  The  disperrioo  diagram  (c)  for  this 
atnicture  wns  generated  irom  calculations  at  seven  phase  advances. 


Figure  8.  The  lowest  sTodtronoua  dipole  mode  frequency  A  (in  GEa)  for  periodic  disk-luaded  waveguide. 
The  cell  diaaeter  2i  is  detemiaed  from  the  tyadunoita  condition  for  the  11.424GBr  accelerating  mode: 
phase  vnlodty  Opa  *■  c  at  phase  adt^ance  v  2v/3.  The  open  circics  arc  the  dimensions  at  which  f\  was 
computed.  Tile  dots  are  the  208  ceUs  of  the  detuned  accelerator  structure. 


Figure  9.  Dispersion  diagram  of  a  curved  guide  with  radius  of  curvature  fig.  The  dashed  line  is  the  drive 
frequency,  and  the  dotted  line  correspouds  to  the  speed  of  light  along  the  center  of  the  guide. 
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iDod«  fr«qa«!iiid«  tyBchrOBoai  with  th«  b«ua  in  periodic  diaiK*k>«ded  waveguide,  ai  shewn  io  figure  8.  Theo  cell 
parasvieiu  «f  as  accslrraior  structure  were  cfa^aca  to  obtaia  ib«  desired  dipole  node  distribution. 

Aaother  applicatioa  of  this  solver  was  the  design  of  a  90*  overmoded  waveguide  beBd{12).  It  is  useful  to 
coBsider  modes  propagating  aioag  4  in  the  carved  guide  erith  phase  factor  e"*^.  This  is  analagouj  to  modes 
propagating  along  x  with  phase  factor  in  straight  guide.  Since  the  bend  is  only  over  90*,  not  a  full  circle, 
there  U  no  condition  that  m  be  aa  integer.  This  solver  was  used  to  compute  dispersion  diagrams  for  the  curved 
guide.  Aa  u  shown  in  figure  9.  Note  that  the  eurvus  are  not  parallel  as  one  srould  expect  io  straight 

homagsAeonB  guide. 


CoutostoB 

The  finite  eleneat  formolatioo  described  above  competee  modes  in  periodic  structures  with  excellent  accurac>'. 

Rofereaco* 

[1|  C.  W.  Crowky,  P.  P.  StWester  and  H.  Eurwitt  Jr.,  **OovariaBt  Projections  Elements  for  3D  Vector  Field 
Problem,"  IEEE  TVans.  JdagBocies,  voL  ldAG>24,  397-400,  Jan.  1988. 

[2]  A.  IL  Pindmk*  C.  W.  Crowley  and  P.  P.  Silvester,  "Spurious  Solutions  to  Vector  Diffusion  and  Wave  Field 
Problenu,”  tEEE  TVaas.  hfagaetics,  vcd.  MAG-24,  pp.  158-161,  Jan.  1988. 

[3]  J.  P,  Webb  and  Ruth  Miniowits,  "Aoalyeis  of  3>D  Miotiwave  Reaouaton  using  CovariaAt-Projection  De¬ 
ments,"  /EEE  TVaas.  Mtoowaiv  Theory  Tech.,  vol.  MTT-39,  pp.  1895-1899,  Nov.  1991. 

[4]  Rath  MlnsowiiB  and  J.  P.  Webb,  "Covariaot-Projoetke  Qoadrilateral  Dements  for  the  Analysis  of  Waveguides 
with  Sharp  Edgon,*  TEEE  IVaAS.  Mierouave  Theory  Tech..  voL  hlTT-39,  pp.  501-505.  Mar.  1991. 

[5]  C.  W.  CrowWy,  "Mbusd  Order  CoviriaaC  Projectioa  Finite  Dements  for  Vector  Fields,”  Pb.D.  dissertation, 
McGill  Uai^tnitv,  Montreal,  PQ,  Caandt,  1988. 

[6]  J.  C<  Nedeke,  "hdbeed  Finite  Dementt  in  R^.*  Sum.  Math.,  vol.  35,  pp.  315-341, 1980. 

[7]  Jia-Fh  Lee,  Din«Kow  San  andZoltaa  J.  Cendes,  *FbU-Wavc  Analysaa  of  Dielectric  Wavegnides  Using  Tangential 
Vector  Finite  Ekmenta,"  IEEE  IVaas.  Mterowaw  Theory  Thefa.,  vol.  MTT'39,  pp.  1262-1271,  Aug.  1991. 

[8]  iio-Fh  Lee,  Gregory  M.  IKHkina  and  Raj  Mittra,  *FlBite-ncment  Analysis  of  Anisyiametric  Cavity  Resonator 
Using  a  Hybrid  Edge  Dement  Technique,"  IEEE  TFans  Microwave  Theory  Tech.,  vol.  MTT-41,  pp.  1981-1987, 
Nov.  1993, 

[9]  £,  M.  Nelson,  "High  Aoenricy  Dcctromagnetk  Field  Solrcn;  frt  Cylindrical  Waveguides  and  Axisymmetric 
Structures  Usiag  the  Finite  Element  Method,”  PbJ).  dissertation,  Stanford  University,  Stanford,  CA,  1993; 
also  SlJk0431. 

(10]  H.  Deruyter  .  id  B.  Boag,  private  communication. 

jll]  J.W.  Wang  mad  DM.  NcIbob,  "Demgn  of  the  Detuned  Accelerator  Structure,”  Proe.  1993  IEEE  Partidt 
Accekratcr  Coa£,  pp.  1086-1088;  also  SLAC-PUB-SUT. 

[12]  C.  Naatktn,  N.M.  KroO  and  DM.  Nebon,  "Desigo  of  a  90*  Orennoded  Waveguide  Bend,”  in  Proc.  1993 
IEEE  iVtide  Acederator  Coa£,.  pp,  983-985:  eko  SLAC-PUB-OHI. 


158 


AZIMUTHALLY-DEPENDENr  FINITE  ELEMENT  SOLUTION  TO 
THE  CYLINDRICAL  RESONATOR' 

Roberto  A.  Osegueda,  Joseph  H.  Pierlulssi,  Luis  M.  Gil. 

Arturo  Rflvilla  and  Gustavo  J.  Villalva 
The  University  of  Texas  at  El  Paso 
College  of  Engineering 
El  Paso.  TX  79958 

and 

G.  John  Dick,  David  G.  Santiago  and  Rabi  T.  Wang 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  CA  91009 

Abstract:  The  cylinrlrical  cavity  resonator  loaded  with  an  anisotropic  dielectric  Is 
analyzed  as  a  two-dimensional  problem  using  a  finite  element  approach  that  assumes 
sinusoidal  depandance  in  azimuth.  This  methodology  allows  the  first  finite  element 
treatment  of  the  technically  important  case  of  a  resonator  containing  a  sapphire  element 
with  a  cylindrically  aligned  c  axis.  Second  order  trial  functions  together  with  quadrilateral 
elements  are  adopted  in  the  calculations.  The  method  was  validated  through  comparisons 
with  the  analytical  solutions  tor  the  hollow  metal  cavity  and  a  coaxial  cavity,  as  well  as 
through  measurements  on  a  shielded  sapphire  resonator. 

I.  Introduction 

Although  the  analytical  determination  cf  resonant  modes  and  frequencies  of  the 
metallic  cylindrical  cavity  has  a  well  established  history,  a  solution  for  the  cavity  partially 
filled  with  an  anisotropic  dielectric  generally  requires  computationally  complex,  thiee- 
dimensional  numerical  analyses.  Approximate  analytical  means  of  analyzing  the  dielectric 
resonator  have  been  proposed  throughout  the  years  [1,  2),  and  with  some  degree  of 
accuracy  the  theoretical  estimates  have  agreed  well  with  experimental  results.  However, 
because  of  the  inherent  shortcomings  of  the  approximate  analytical  models,  numa  ical 
methods  have  continued  to  receive  a  great  deal  of  attention  during  the  past  years  [3,  4], 

Recently,  so  called  "whispering  gallery"  resonators  consisting  of  a  sapphire  dielectric 
element  in  a  metallic  container  have  made  possible  new  capebilities  for  microwave 
oscillator  phase  noise  and  frequency  stability  (5.6).  With  high  azimuthal  mode  numbers. 


*  This  work  was  sponsored  by  and  carried  out  in  part  at  Jet  Propulsion  Laboratory,  California  Irrstiiuta  of 
Teennoioov.  under  «  contreci  wisf-,  tho  tJpt.orrai  Aeronautics  af,d  Spece  Administrsrinn. 
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thexA  rAXOnatorx  ixolala  radio-frequency  energy  to  the  dielectric  i  ament  and  away  from 
the  metallic  container,  thus  providing  extraordinary  low  losses  a  <d  high  quality  factors 
(Q'sl.  However,  these  widely  disparate  field  magnitudes  pos  a  challenge  for  any 
methodology  to  accurately  calculate  (e.g.)  conductive  losses  due  to  small  evanescent  fields 
at  the  wall  of  the  containing  can.  In  particular,  a  three-dimensional  finite  element  method 
allowing  full  treatment  of  sapphire's  anisotropic  dielectric  constant,  would  require  such  a 
large  number  of  nodes  as  to  become  impractical.  Analytical  mathods  ate  unattractive,  with 
new  approaches  required  for  every  geometrical  configuration  change.  A.  vwo-dimensional 
finite  element  approach,  however,  would  allow  easy  treatment  of  any  cylindrlcally 
syrntratric  resonator  geometry. 

Because  the  dielectric  constant  for  sapphire  shows  cylindrical  symmetry,  a  two 
dimensional  treatment  is  allowed  for  the  important  case  where  its  crystal  c  axis  is  aligned 
with  a  physical  axis  nt  axisymmetry.  In  terms  of  the  field  intensities,  the  problem  is 
governed  by  the  three-component  vector  Helmholtz  equation  which  can  be  treated  as  an 
axisymmetric  problem  only  for  modes  with  no  azimuthal  lor  ^1  dependence.  Such  zero- 
order  modes  can  be  obtained  from  a  two-dimensional  approach  tu  the  cavity  in  the  r-z 
plana  using  a  variety  of  techniques  which  yiold  reasonable  accuracy.  Higher  order  solution 
for  isotropic  dielectrics  are  still  obtainable  in  two  dimensions  tf  the  azimuthal  dependence 
of  the  modes  is  assumed  a  priori  17\.  In  the  work  presented  here,  the  authors  reduce  the 
finite  element  artalysis  of  the  anisotropic  dielectric  resonator  to  two  dimensions  by 
assuming  an  exponential  0-dependence,  and  limiting  the  permittivity  tensor  to  posses 
longitudinal  and  transverse  components  only.  While  ruling  out  most  anisotropic  dielectric 
configurations,  this  approech  makss  possible  the  first  two-dimensional  finite  alement 
treatment  for  sapphire  "whispering  gallery'  resonaters. 

If.  Fundamental  Equations 

In  terms  of  the  magnetic  field  Intensity  H,  the  vector  Helmholtz  equation  with  the 
penalty  term  included  is  given  by  181 

V  xlk]-' VxH  -  a  V  H  •  0  C> 

In  which  [At]  is  the  tensor  dielectric  constant,  a  is  an  empirical  coefficient  of  the  penalty 
term  V  |7-W),  end  k,  is  the  free-spece  propagation  constant.  The  variationai  energy 
functional  associated  with  ID  is  given  by  18) 

F{  H)  -  f  {  IVxH)*  -II*)-'  Vxffl  -  *»,  H’-H  *  P|t7 IV- «)}  dD  (2) 


where  0  is  the  volume  of  the  resonator.  In  a  finite  element  solution,  H  is  normally  chosen 
instead  of  f  because  of  the  discontinuity  of  the  latter  at  dielectric  interfaces. 
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At  the  interface  between  a  perfect  conductor  and  a  lossles^i  dielectric  with  a  unit 
normal  vector  a,  tha  use  of  (21  implies  that 

a.  vf/H  '  IVxH)  -  0  ,  (3) 

as  a  naturallv  satisfied  condition,  while  (he  condition 

».■  H  -  0  .  (41 

needs  to  be  enforced .  Thera  is  no  axis  of  axisymmetry  for  the  higher  order  modes  (n  >0) 
arid,  hence,  no  perfect  magnetic  conductor  with  its  associated  boundary  condition  needs 
to  be  invoked  along  the  z  axis. 


III.  Finite  Element  Analysis 

Inside  the  volume  of  the  cyiirtdrical  resonator  the  magnetic  fiold  vector  may  be 
described  as 


{  H  (/•,0,z)  }  - 


where 

{  H  (r,z|  )’■  - 

and  and  W,(r,zl  are  functions  describing  the  variations  of  the  components  of 

the  field  vectors  in  the  r-z  plane.  The  n  in  (5)  denotes  the  azimuthal  mode  number  (1 , 2, 
3,.  .  .)  while  /  is  used  to  establish  the  comoonent  W,  to  be  in  phase  quadrature  with  the 
transverse  components  H,  and  H,.  In  this  manner,  W,(r,zl  and  H,[r,z)  are  real 

functions. 

This  finite  element  formulation  considers  the  use  of  general  ring  elements  to  solve 
for  the  nvagnetic  field  vectors.  These  elements  are  defined  in  the  r-z  plane  and  have  m 
nodes.  Within  each  finite  element,  is  approximated  in  terms  o'  the  standard  shape 
function  matrix  l/V]  as 

{  HU.ituc)  }  -  1/V(r,z)]'  {  H).  e*'*  ,  (7) 

in  which 

{  Mr.z)  •  L  fVi(r.z)  /V,(r,zi  ....  NJr,z)  J  ,  19) 


W,(r,0.z) 


•  {  H  (r.z)  } 


(5) 


L  W,(z.zl  /  H,(r,z)  H,{r,z)  J 


(6) 
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[{  Mr.il}  {0}  {0> 

[  mr.t)  I  •  !  {?)  /  {  N{r.2\)  {0) 

L  {0)  {0)  {  N{r.2))_ 

and 

{H):  -  kny.  j 


(8) 


(10) 


Here.  iV}.  is  a  roll*c»icr>  matrix  of  order  3m  by  1  containing  the  unknown  nodal 
vaiuea  of  the  field  arranged  as  in  (10),  and  /V,(r,a|  is  the  shape  function  associated  with  the 
i*  node  of  the  ji».r'«nt.  iT-.a  specification  of  the  azimuthal  dependence  in  (7)  allows  for 
a  trivial  ar.alyticb!  integration  of  the  functional  in  (2)  from  0*0  to  0*iifrr  when  the 
die'actric  properties  are  /<t-independent. 


The  substitution  of  the  field  approximation  in  (71  into  the  functional  expression  (2) 
leads  to  the  element  rnatux  equation 

■  {  «  1/  [  fSI.  *  -  V  ITl.]  (  «  }.  .  ^ ’ 

where 

i51.  •  r  Ml-  ii'H  '  l^ron  ,  112) 
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The  integrations  of  (12),  (13)  and  (141  over  the  azimuthol  direction  are  done 
analytically,  requiring  that  the  dielectric  properties  (/fl  in  (12)  be  0-independent.  This  is 
satisfied  when  [K\  has  zero  value  off  diagonal  coefficients,  and  when  the  radial  permittivity 
is  equal  to  the  azimuthal  permittivity.  The  integrations  of  (12),  (13)  and  (14)  over  the 
element  area  in  the  r-z  plane  are  evaluated  numerically  using  the  standard  Gauss-quadrature 
technique  generally  used  for  Isoparametric  elements  with  non-rectangular  and  curved 
shapes  (9). 

The  global  form  of  the  functional  in  (11)  may  be  expressed  symbolically  as 

f  H  }'(  (  S  1  ♦  (  4/ 1  -  AoM  T]  ]  {  W  }  ,  (17) 

where  (SI,  [U\  and  [T]  are  global  matrices  resulting  from  the  superposition  of  the 
corresponding  element  matrices,  and  {H\  contains  all  the  unknown  nodal  values  of  the 
magnetic  field  vector. 

Applying  the  Rayleigh-Ritz  criterion,  (17)  yields  the  eigenvalue  equation 

(  (  SI  »  (  y  I  I  {  «}  -  Ar.M  I"!  {«}  -  0  ,  (18) 


which  needs  to  be  solved  for  the  resonant  frequencies  or,  -  ck,  and  for  the  nodal  values 
of  the  corresponding  mode  intensities  {H).  The  parameter  c  is  the  velocity  of  light  in  free 
space. 


IV.  Comparison  to  Analytical  Solution 

The  proposed  method  was  tested  by  salving  for  the  resonant  frequencies  and  modes 
of  a  metallic  hollow,  cylindrical  cavity  resonator  with  a  radius  of  3.8  cm  and  a  height  of  4.5 
cm  since  the  exact  analytical  solution  is  well-known.  The  resonator  was  modeled  using 
rectangular  ring  elements  with  four  corner  nodes  and  bilinear  shape  functions.  Solutions 
were  obtained  using  16,  36,  64  and  100  elements.  A  penalty  factor  of  o  =  1  was 
assumed  in  (1)  throughout  the  calculations.  The  identification  of  the  modes  and  the 
removal  of  spurious  modes  was  assisted  by  computations  of  the  cosine  of  the  angle  P 
between  the  eigenvectors  from  finite  element  solution  artd  the  exact  siganvsctors. 
The  cosine  of  Dus  angle  is  given  by  [81  as; 
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cos  P 


(191 


li  {«}"  L  y  {«-)  h 

where  [H]  is  the  eigenvector  solution  of  (181,  [H,]  are  the  nodal  values  calculated  from  the 
exact  analytical  expressions,  and  the  factors  in  the  denominator  are  Euclidian  norms.  If  the 
value  of  cos  ^  in  ( 1 9)  is  close  to  one  or  minus  one,  then  the  field  vectors  {//}  and  {H,}  are 
the  same.  Equation  (19)  was  evaluated  using  each  {H,)  and  all  {H)  vectors  to  find  the 
correspondence  between  each  analytical  vector  and  the  numerical  eigenvector. 

Figure  1  shows  convergence  curves  for  u/,  obtained  from  the  finite  element  solution 
for  the  transverse  magnetic  TM^  series  modes,  where  the  subscripts  repi  esent  the  number 
of  oscillations  in  0,  r,  and  z,  respectively.  The  abscissa  corresponds  to  tho  oroer  of  mode 
extraction  in  the  finite  element  solution.  For  100  elements  the  resonant  freque.'icies 
converged  to  about  0.12%  from  tne  exact  va'ues  for  both  the  TE  attu  TM  modes.  Fig.  2 
shows  a  sample  of  the  rt-sults  obtainsd  through  the  use  of  the  cosine  of  the  angia  between 
vectors  in  (19)  for  mode  identification.  The  true  TE<^  mode.',  are  shown  on  the  top  of  the 
figure,  with  a  cosine  close  to  one,  while  the  spurious  modes  have  values  much  lower  than 
one.  Fig.  3  shows  the  frequencies  of  various  families  of  TE  end  TM  modes  of  the  cavity 
resonator  as  functions  of  the  azimuthal  index. 


Figure  1 .  Convergence  curves  of  the  finite  element  frequencies  for  the  first  six  modes  of 
>he  hollow  cavity  with  '.  —  6. 
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Figura  2.  Finita  element  frequencies  of  modes  obtained  for  the  hollow  cavity.  The  modes 
with  cosines  close  to  unity  are  physical,  while  those  with  smaller  values  are  spurious. 


Figure  3.  Sample  fa.  nilies  of  modes  obtained  from  the  finite  element  analysis  of  the  hollow 
cavity  with  100  quadrilateral  elements. 
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Figura  4.  Frequency  error  for  several  mode  famitios  of  coaxial  resonator. 

Somewhat  higher  accuracy  was  found  when  the  method  wes  applied  to  a  coaxial 
cavity,  where  a  more  uniform  geometry  is  obtained  for  elements  near  its  geometric^ 
center.  The  coaxial  resonator  had  an  outer  radius  of  5  cm,  an  inner  radius  of  2.5  cm,  and 
a  height  of  S  cm.  Figure  4  shows  the  difference  in  parts  per  million  (PPM(  betvreen  the 
finite  element  solution  using  220  elements  and  the  analytic  solutions  for  various  mode 
families.  Frequency  errors  for  the  first  five  mode  families  ere  eti  less  than  7  paas  per 
million,  with  errors  for  the  fundamental  TE„,,  mode  family  being  less  than  1  PPM. 

V.  Comparison  to  Measurements 


The  proposed  finite  element 
approach  was  also  tasted  by  solving  for  the 
resonant  frequencies  and  modes  of  a 
cylindrical  sapphire  resonator 
experimentally  studied  by  the  Jet 
Propulsion  Laboratory.  Reference  (51 
includes  details  of  the  experimentation  and 
of  the  measured  frequertcies  for  different 
families  of  rrxjdes. 

Figure  5  illustrates  the  geometrical 
axisymmetric  plane  of  the  resonator  tested. 
The  sapphire  material  was  held  together  by 
a  copper  core  in  the  center  and 
encapsulated  ir.sioe  a  copper  cyiindor.  The 
resonator  was  modeled  using  three  finite 


ei.7« 


Figure  5.  Dimensions  (in  mm)  of  sapphire 
resortator. 
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element  meshes  comprising  of  eight-node  elements  of  sapphire  and  air  materials.  Th<2 
dielectric  properties  of  the  sapphire  material  were  taken  from  Ref.  [21  as  s,  •  -  9.407 

and  =  1 1.62.  The  coarse  mesh  consisted  of  62  nodes  and  15  elements,  the  medium 
mejh  of  193  nodes  and  54  elements,  and  the  finest  mesh  has  709  nodes  and  216 
elements.  The  perfect  electric  conductor  boundary  condition  reflected  in  (4)  was  enforced 
at  all  metal  boundaries  of  the  finite  element  meshes.  The  eigenvalue  solution  of  (181  was 
obtained  for  azimuthal  order  values  ranging  from  3  to  12.  Each  solution  yielded  a  set  of 
resonant  frequencies  with  associated  eigenvectors.  The  lowest  frequency  solution 
corresponded  to  the  fundamental  mode  for  that  n”  azimuthal  order. 

Figure  6  shows  the  resonant  frequanciasof  the  fundamental  family  of  modes  WGK,,, 
for  the  three  meshes  with  n  values  ranging  from  3  to  12,  illustrating  convergence  of  the 
solutions  as  the  finite  element  inesh  was  refined.  The  mode  lassification  shown  is  based 
on  the  notation  of  Jiao,  et  al.  [6]  for  whispering-gallery  modes.  A  finer  mesh  was  not 
considered  feasible  due  to  computer  memory  limitations. 


10 
9 

e 

f 

(SMt)  7 
6 
5 
4 

3  4  5  6  7  8  9  10  n  12 

A2IMUTHAL  MGOE  NUMBER  (n| 

Figure  6.  Convergence  curves  of  the  finite  element  frequency  for  the  fundamental  WGH„,, 
family  in  the  sapphire  resonator  using  different  mash  sizes. 

Figure  7  shows  the  frequencies  of  the  families  of  modes  that  were  identified  and  that 
matched  with  the  frequency  measurements  made  at  the  Jet  Propulsion  Laboratory  [5].  The 
solid  lines  of  the  figure  correspo.id  to  the  finite  element  results  and  the  dots  are  the 
measured  values.  From  this  figure  it  is  oDserved  that  the  finite  element  results  agree  well 
with  the  measurements.  The  errors  in  the  resonant  frequencies  of  fundamental  family 
WGH„,,  modes,  obtained  from  the  three  meshes,  with  respect  to  the  measurements  are 
listed  in  Table  1 .  Errors  of  the  resonant  frequencies  of  the  rest  of  the  families  shown  in 
Fig.  7,  inciuding  uncertainties  in  e,  were  all  les.i  than  one  percent. 
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Figure  7.  Comparison  of  resonant  frequencies  obtained  from  finite  element  analyses  with 
measurements  made  on  a  cylindrical  sapphire  >8$onator. 


Tab.'a  1.  Error  of  Resonant  Frequency  of  Fundamental  Family  WGH„,,  with 


Respect  to  Experimental  Weasurements 


Azimuthal 
Number  n 

Error  (%) 

Coarse  Mesh 

Medium  Mesh 

Fine  Mesh 

6 

11.0 

1.9 

0,15 

7 

12.0 

2.3 

0.16 

e 

13.1 

2.7 

0.22 

9 

14.0 

3.1 

0.26 

10 

14.9 

3.6 

0.28 

11 

15.7 

4.1 

0.55 
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VI.  Conclusions 


A  finite  eiement  method  has  been  presented  for  trsating  a  cylindrical  re.sonator 
partially  filled  with  an  anisotropic  dielectric  as  a  two-dimensional  finite  element  problem 
assuming  harmonic  oscillation  for  the  field  dependence  in  azimuth.  This  technique  allows 
the  first  treatment  of  the  technically  interesting  case  of  an  anisotropic  but  axisymmetric 
dielectric  mounted  in  a  cylindrical  conducting  container.  The  method  was  first  validated 
with  a  hollow,  inetallic,  cylindrical  resonator  and  with  a  coaxial  cavity  by  comparing  the 
numerically-obtained  results  with  the  exact  analytical  expressions.  The  method  was  then 
tested  with  a  cylindrical  sapphire  resonator  for  which  there  are  no  exact  solutions  available. 
The  numerical  results  obtained  from  the  method  were  grouped  by  families  of  modes  and 
the  frequencies  compared  to  experimental  values  obtained  at  the  Jet  Propulsion  Laboratory. 
Excellent  agreement  was  found  for  all  the  cases,  thus  indicating  that  the  method  is  valid. 
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ABSTRACT:  The  measured  equation  of  mvariance  (MEI)  is  a  new  concept  for  electiomag- 
netic  field  computation,  and  the  “metron"  is  an  important  concept  in  the  method  of  MEI, 
but  people  still  have  diflerent  opinions  on  the  meaning  of  matrons  up  to  now.  Many  people 
think  metrons  to  he  basis  functions  just  like  ones  in  the  method  of  moments  (MoM).  In  fact, 
metrons  are  qiute  different  from  the  basis  functions.  The  coefficients  in  MEI  are  detemained 
by  metrons  based  on  the  postulate:  The  MEI  is  invariant  to  the  field  of  excitation”,  and  the 
current  distribution  or  scattered  field  etc.  are  determined  by  the  final  field  values  at  nodes 
other  than  the  metrons.  Previously,  the  metrons  are  usually  choosed  as  global  functions  which 
are  defined  on  the  whole  object  surface.  For  some  problems,  especially  for  fi-D  problems,  the 
definition  and  calculation  of  global  metron  functions  are  very  difficult.  Therefore,  in  this  paper 
we  proposed  several  kinds  of  piecewise  metron  functions  which  are  flexible  for  fitting  arbitreuily 
shaped  objects  and  no  more  computation  time  increased.  Many  numerical  results  are  presented 
for  comparing  the  different  kinds  of  metrons. 

I.  Introduction 

The  measured  equation  of  invariance  (MEI)  is  a  simple  technique  used  to  derive  finite  differ¬ 
ence  type  local  equation  at  mesh  boundaries,  where  the  conventional  finite  difference  approach 
fails  [1|.  Convertionally,  finite  difference  or  finite  element  meshes  span  from  boundary  to 
boundary,  or  to  any  surface  where  an  absorbing  boundary  condition  can  be  simulated.  It  is 
demonstrated  that  the  MEI  technique  can  be  used  to  terminate  meshes  very  close  to  the  object 
boundary  and  still  strictly  preserves  the  sparsity  of  the  finite  difference  equations.  It  results  in 
dramatic  savings  in  computing  time  and  memory  needs. 

In  the  first  paper  of  MEI  [1|,  this  new  method  successfully  applied  to  the  scattering  problems 
of  general  boundary  geometries  including  both  convex  and  concave  metal  surfaces.  Lately,  the 
authors  extended  this  technique  to  the  scattering  problems  involving  penetrable  medium  [2]  and 
anisotropic  medium  [3],  where  Che  electric  metrons  and  the  magnetic  metrons  are  successfully 
decoupled  by  a  novel  concept.  In  this  paper,  a  generalized  FD  equation  for  inhomogenemis 
anisotropic  ferrite  medium  is  derived,  tuen  the  method  of  MEI  is  first  extended  to  the  scattering 
problems  of  anisotropic  medium  cylinders. 
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The  coeffidents  in  KIEI  ire  determined  by  metrons  b»aed  on  the  postulate;  “The  MEl 
is  invariant  to  the  field  of  excitation”.  Previously,  the  metrons  are  usually  choosed  as  global 
ftmctions  which  an*  defined  on  the  whole  object  surface.  For  some  problems,  especially  for  3-D 
problems,  the  definition  and  calculation  of  global  metron  functions  ore  very  diflBcult  Therefore, 
in  this  paper  we  proposed  several  kinds  of  piecewise  metron  functions  which  are  flexible  for 
fitting  arbitrarily  shaped  objects  and  no  more  computation  time  increased.  Many  numerical 
results  are  presented  for  comparing  the  different  kinds  of  metrons. 

n.  The  Principle  oi  MEI 

Let’s  consider  the  electromagnetic  scattering  problem  of  a  conducting  cylinder  with  arbi¬ 
trarily  shaped  aoss-soction  as  shown  in  Fig.l,  where  several  layers  meshes  are  drawed  around 
the  surface  of  the  cylinder. 


Fig.l  20  scattering  problem  and  the  meshes 


Fig.2  Nodes  at  tecminated  boundary  for  MEI 

In  the  earlier  paper  [1],  Mei  postulated  that  the  finite  difference/element  equations  at  the 
mtah  boundary  may  be  represented  by  a  local  linear  equation  of  the  type 

where  the  node  contiguxation  is  shown  in  Fig.2s  And  the  coefficients  C’s  »re  (i)  location  depen* 
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dent,  (ii)  geometry  specific,  (Hi)  invariant  to  iht  field  of  excitation. 

It  is  known  that  the  scattered  Helds  at  M£I  nodes  shown  in  Fig.2  can  be  determined  by  the 
current  on  the  surface  of  the  conducting  cylinder  as 

for  TM  or  E-wave  ,  . 

^  1  /r  M(V)£.G{fi,f)dl'  for  TM  or  E-wave 

where  G^f,^)  is  the  2D  Green’s  function  of  free  space,  n  stands  for  the  outward  normal  direction 
of  the  cylinder  surface,  the  superscript '  denotes  source  point,  J(l')  and  JVf  (f')  are  electrical  and 
magnetic  currents  on  the  cylinder  surface  respectively,  I  is  the  distance  meaaured  along  the 
drcumference  of  the  cylinder  and  L  is  the  total  drcumferoitial  dimenaion  of  the  cylinder. 

If  the  current  J(l)  or  Af(/)  are  given,  the  scattered  held  values  at  the  four  MEI  codes  are  then 
determined  by  Eq.(2).  However,  the  currents  on  the  surface  of  the  cylinder  are  unknown  which 
are  also  what  we  want  to  calailate.  On  the  other  hand,  the  MEI  Eq.(l)  should  be  independent 
of  the  incident  wave,  that  means  the  MEI  should  be  independent  of  the  current  distribution 
on  the  surface  of  the  cylinder  for  different  excitation  produces  different  current.  Therefore,  our 
MEI  mus.  be  valid  for  various  kinds  of  current  distribution  on  the  cylinder  surface  other  than 
some  special  one.  In  other  words,  we  should  find  a  set  of  MEI  coeffidenu  C.,  i  =  T73  which  are 
suitable  for  all  kinds  of  currents  distributiou  on  the  stirface  of  the  cylinder. 

Assuming  that  (^„,n  ==1,2, . }  is  a  complete  set  of  functions  defined  on  the  surface  of 

the  cylinder,  then  any  current  distribution  on  it  can  be  expanded  with  the  functions  sc*  as 


J.{‘)  = 

Ml 

(3) 

K(i)  = 

Ml 

(4) 

If  the  MEI  E<i.(l)  is  valid  for  each  expansion  function  0,,  it  can  be  obviously  seen  from 
£qs.(3)(4)  that  the  MEII  is  valid  for  any  current  diatribution  on  the  surface  of  the  cylinder, 
this  alsc  means  the  MEI  is  independent  of  the  excitation.  For  this  reason,  we  can  determine 
the  MEI  coefifidents  Ci,i  w  1,4  by  forcing  the  MEI  to  be  valid  for  each  expansion  function 
That  results  in  the  following  linear  algebraic  equations 


iZCi  J^ii^(l')G{f\fi)df  =  0,  forFz-wave  (5) 

C,  /  ',Fi)d(' =  0,  n  =  l,2,  ■,  for  H-wave  (6) 

Jr  dn' 


Subsviiulmg  the  field  vaIucs  «l  uOuiiuai]'  uodeS  irroduccd  by  each  into  tfr 
a  linear  algebraic  equation  (S)  or  (6)  with  respect  to  the  MEI  coeffidents  Ci,i 


e  MEi  Eq.(I), 
=  TTi  is  then 


followed.  This  process  just  like  measuring  the  MEI  by  function  v„,  so  we  call  ‘‘metrou". 
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Since  the  limitation  of  computer  menory,  only  hnite  metron^;  —  1, \i  are  used  for 

determining  the  M£I  coeScients,  and  if  the  number  of  equaticna  Af  is  greater  than  3  (the 
number  of  MEI  coefficients  to  be  determined,  Ci  is  assumed  to  be  1),  we  can  solve  Eq.(5)  or 
Eq.(6)  by  least  square  technique. 

Generally,  several  metrons  are  enough.  In  our  program,  for  instance,  increasing  the  number 
of  metrons  (sin,  and  cosine  functions)  more  than  5,  the  results  will  have  practically  no  change. 
The  conclusion  also  verified  the  postulate  of  that  the  MEI  is  invariant  to  the  excitation. 

A'  intci .  .ir  nodes  of  the  mesh,  finite  difference  (FD)  equations  are  valid.  Coupling  the 
MEI  equationa  at  boundary  nodes  to  the  FD  equations  at  interior  nodes  and  considering  the 
incident  field,  a  system  of  linear  algebraic  equations  with  respect  to  the  scattered  field  values 
at  boundary  nodes  and  the  totrJ  field  values  at  all  the  interior  nodes  is  obtained,  and  then  the 
current  on  the  surface  of  the  cylinder  is  deterT:.uned  fiom  it.,  solution.  Finally,  the  scattered 
fields  at  any  point  out  of  the  cylinder  can  be  determined  by  the  current. 


tn.  On  the  Metrons 


From  the  discussion  above,  we  know  tha  he  constraints  on  the  choice  of  metron  is  rather 
relaxed.  Usually  the  the  following  functious 


.  ,  2xf  2x1  ,  ,, 

0,(f) l,sin-2|-,'0S-^,  ••  /e(0,I] 

a»  used  as  metrons.  In  fact,  uiany  other  functions,  such  as  the  following  constant  piecewise 
functions 

where  [(i,  /j,  •  ■  ,  Ijv]  is  a  partition  of  (C,£],  the  piecewise  linear  functions 


(■?) 


(?) 


forle  l(,-l,/n] 
for  I  €  [Inffn+l) 


and  the  piecewise  sine  functions 


V-,(f)  = 


for^eli.-,.i,l 


(9) 


(10) 


^tc.,  lAy  Also  be  cffecieotly  used  as  metio&t.  Usuf  the  globAl  metrons  like  sine  and  cosine 
functions  in  £q>(7)  cost  nearly  the  same  CPXJ  time  as  uani;  the  piecernse  constant  pulses  in 
£q.(8),  the  piecewise  linear  functions  b  £q.(9)  or  the  piece^^se  sine  functions  in  £q.(10).  When 
choosbg  piecewise  functions  as  metrons,  the  number  of  metrons  must  be  far  greater  than  the 
number  of  M£1  coefficients,  but  the  integrals  in  F^.(5)  or  Eq.(6}  need  only  to  be  carried  out 
on  a  small  segment  of  the  cyUnder  boundary.  When  cboosmg  the  global  functions  as  metrons, 
a  few  metrons  are  enough  but  the  integrals  should  be  carr.ed  out  or  the  whole  boundary  of  the 
cylinder. 
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Fig. 3  rbows  the  RCS  results  of  &n  elliptic  dielectric  cybnder  with  £-wave  incidence,  where 
the  permittirity  Sr  ^  4,  permeability  fSr  =  1,  the  inddent  angle  0*^  *  45®,  the  lengths  of  the 
prinopal  semiaxis  of  the  ellipse  are  a  =  lA(waveleDgth),  h  =  0.5A,  the  mesh  steps  hg  ^ 
0.025A.  and  global  sine  and  cojiue  functions  are  chooee'^.  as  metrons.  It  be  seen  the  results 
obtained  by  M£I  are  in  good  agreement  with  that  obtained  by  MoM,  and  when  the  number 
of  metruns  is  equal  to  or  greater  than  3,  the  results  are  almost  the  same.  Besides,  in  Fig. 3 
the  incident  angle  is  45®,  if  we  change  the  incident  angle,  the  coefficients  of  MEI  not  change, 
that  moans  the  MEI  is  independent  of  the  excitation.  For  t.His  problem,  any  linear  combination 
of  the  three  metroos  is  great  dlfTerent  hrom  the  real  cuirents.  Therefore,  the  metron  is  fully 
different  from  the  basis  functions  in  MoM. 

A  4:1  aspect  ratio  rectangular  cylinder  of  20A  dicumieiential  dimension  is  shown  in  Fig. 4. 
The  surface  current  distributions  with  H-wave  inddence  and  constant  piecewise  metrons  axe 
shown  in  Fig. 5,  and  that  with  pieeswise  Uneai'  metions  are  shown  in  Fig.6,  whe^  the  mesh 
step  h  St  0.04A  or  25  nodes  per  wavelmgth.  The  integrals  in  £q.(4)  or  E<l-(5)  are  calculated 
by  an  approximate  mid>point  foctnuiar  when  constant  piecewise  functions  as  metrons,  which 
is  equivalent  to  using  many  point  sources  on  the  surface  of  the  cylinder  to  measuring  the 
MEI.  It  can  be  seen  that  both  piecew'se  a>nstant  and  linear  metron;  can  get  good  results, 
but  the  piecewise  linear  metrons  seem  something  better.  For  this  problem  and  piecewise  linear 
metrons,  enough  accurate  results  can  be  obtained  with  30  or  more  metrens.  It  is  known  that, 
10  segments  per  wa';elength  are  basically  requirement  in  MoM.  For  this  problem,  therefore,  at 
least  200  piecewise  basis  functions  are  necessary  for  guaranteing  the  acai'^acy  of  the  solution 
Thus,  ii  also  shows  the  difference  between  metrons  and  basis  funct’ons. 

The  RCS  of  a  4:1  rectangular  conducting  cylinder  with  H-wave  incidence  and  12.5  circum¬ 
ferential  dimension  is  shown  in  Fig.7,  where  piecewise  sine  functions  are  chosen  as  metrons 
It  can  be  seen  that  piecewise  sine  metrons  can  also  get  very  good  results.  On  out  experience. 
piece>vise  sine  metrons  is  a  little  better  than  piecewise  metrons. 
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Fig.7  Current  results  with  30  piecewise  sine  metrons,  solid  line:  M£I,  dwh  line:  MoM 
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Abstract 

Th«  finite  difietance  time  domain  (PDTD)  [1]  algorithm  hai  been  need  widely  in 
solving  the  tianricnt  responses  of  electromagnetic  problems.  However,  it  is  difficult 
to  model  complex  EM  problems  with  curved  svdaces  usiug  the  FDTD  method  in  its 
origina!  form.  Many  variants  have  been  proposed  in  the  past  with  the  aim  to  circum¬ 
vent  this  difficulty  with  varying  degrees  of  success.  Almost  all  of  these  approaches  are 
based  upon,  one  form  or  the  other,  the  one  of  finite  difference  approximation  in  both 
spatial  and  temporal  domains.  It  is  the  purpose  of  this  paper  to  show  a  finite  element 
time  domain  formulation,  which  uses  Whitney  l-fotms  in  the  spatial  domain  and  the 
finite  difference  in  the  time  domain,  respectively,  for  solving  Maxwell’s  equations.  In 
this  way,  the  proposed  WETD  method  can  be  used  on  a  tetrahedral  finite  element 
mesh  generated  by  an  antomatic  mesh  generation  program,  TETRA. 


1  Automatic  Mesh  Generation 

Due  to  recent  improvements  in  computer  technology,  in  particular  the  massively  parallel 
machines,  the  size  of  engineering  problems  which  it  is  practical  to  analyze  using  finite 
element  method  is  dramatically  larger  than  before.  This  makes  it  increasingly  important 
to  automate  the  mesh  generation  process,  so  that  creation  of  a  mesh  does  not  become  a 
bottleneck  in  the  analysis  of  a  product  design.  Furthermore,  if  mesh  generation  can  be  fully 
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Mtomktad,  then  it  beoomes  feaaible  to  embed  the  entire  finite  element  analysis  (including 
the  mesh  generation)  in  a  feedback  loop  in  which  the  mesh  can  be  selectively  refined  to 
ensure  accurate  numerical  solutions. 

The  current  implementaUon  for  meshing  multiple  objects,  based  upon  the  use  of  De¬ 
launay  tessellation  (2]  algorithm,  comprises  of  three  major  modules.  These  three  major 
modules  are;  surface  meshing,  initial  Delaunay  tessellation,  and  mesh  refinements  and  qual¬ 
ity  improvements.  The  major  tasks  involved  in  each  module  are  outlined  in  Fig.  1 . 
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Figure  1:  Three  modules  in  current  Delaunay  mesh  generation. 


1.1  Three-Dimensional  Delaunay  Mesh  Generation 

In  the  Delaunay  mesh  generation,  oii|paally  all  the  mesh  points  are  generated  via  the  surface 
tiiangulation.  Except  in  the  case  of  adding  points  to  preserve  the  surfaces  of  the  solid 
objects,  no  additional  points  should  be  generated. 

Watson  Algorithm 

One  method  of  forming  Delaunay  tessellation  of  a  given  set  of  points  P  is  the  Watson’s 
algorithm.  The  basic  approach  as  shown  in  Fig.  2  for  a  two-dimensional  case,  is  based  upon 
the  incremental  point  insertion  into  a  pre-existing  mesh. 

The  extension  of  the  algorithm  to  three  dimensions  can  be  briefly  described  as  follows; 

•  Start  with  an  initial  tetrahedral  mesh  Do  containing  all  the  points  to  be  added;  new 
internal  tetrabedra  are  formed  as  the  points  ate  entered  one  at  a  time. 

•  At  any  typical  stage  of  the  process,  a  new  point  is  tested  to  determine  which  circum- 
sphere  of  the  existing  tetrabedra  contains  the  point.  The  associated  tetrabedra  are 
removed,  leaving  an  insertion  polyhedron  containing  the  new  point. 

•  Edges  connecting  the  new  point  to  all  triangular  faces  of  surface  of  the  insertion  poly¬ 
hedron  are  created,  defining  tetrabedra  that  fill  the  insertion  polyhedron.  Combining 
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Figure  2:  Watsoa’s  algorithm 

these  with  the  tetrihedra  outside  the  insertion  polyhedron  produces  s  new  Delaunay 
triangulation  that  contains  the  newly  added  point. 

Watson’s  algorithm,  although  conceptually  straightforward,  suffers  from  three  major  dif¬ 
ficulties  in  practical  application.  First,  improper  resolution  in  dealing  with  the  degenerate 
cases  can  yield  an  invalid  mesh;  Secondly,  due  to  the  finite-precision  calculation,  the  appli¬ 
cation  of  Watson’s  algorithm  may  result  in  structural  inconsistencies  and  ultimately  fail  to 
construct  a  valid  nf^h;  and,  Thi^y,  for  teal-life  problems  with  high  degrees  of  complexity, 
the  algorithm  will  take  prohibitive  computation  time.  Therefore,  methods  implementing 
Watson’s  algorithm  need  to  resolve  the  degenerate  problems,  enforce  strict  point  convexity 
condition,  and  provide  a  vehicle  to  localize  the  use  of  Watson’s  algorithm. 

Localize  the  Action 

In  its  original  form,  the  Watson’s  dgorithm  requires  a  scan  through  all  the  tetrahedra, 
consequently,  it  is  inefficient  and  undesirable.  A  modification  in  the  Watson’s  algorithm 
which  localizes  the  action  and  provides  a  significant  speed-up  is  proposed  herein.  The  idea 
is  to  employ  a  msl(i-z«ne  search  method:  First  divide  the  bounding  box  into  fid.  x  fid,  x  fid, 
zones,  and  for  zone  construct  a  directed  tree  with  tetrahedra  whose  centroids  are  within 
the  zone.  Furthermore,  by  notidng  that  once  the  tetrahedron  which  contains  the  new  point 
is  located,  the  creation  of  the  insertion  polyhedron  may  not  go  beyond  two  layers  of  it. 
H  ace,  it  is  possible  to  form  a  localized  action  ngion  centered  at  the  tetrahedron  with  the 
new  point  inside  it. 

Finally,  the  modified  Watson’s  algorithm  in  the  present  implementation  works  as  follows: 

1.  First  find  the  xone,  to  which  the  new  point  belonp.  Consequently,  find  the 
tetrahedron,  T,,  which  contains  the  new  point.  This  tetrahedron  should  be  found  in 
27  zones  centered  at  Z„  if  not  check  all  the  zones  (this  case  happens  only  in  the  early 
stages  of  the  process  when  the  number  of  tetrahedra  is  few). 


2.  Form  » locolitcd  action  region  which  U  centered  at  T,  and  extend  no  more  than  a  few 
layers  (we  choose  3  in  our  pr^am).  Alao,  mark  all  the  tetrahedra  inside  this  action 
region. 

3.  Peifonn  the  dreumsphere  checking  for  all  the  tetrahedra  inside  the  action  region  and 
form  the  insertion  polyhedron. 

4.  Perform  the  point  convenxity  checking  and  construct  the  final  insertion  polyhedron. 

5.  Connect  the  new  point  to  the  faces  of  the  insertion  polyhedron. 

After  step  5  has  been  completed,  the  new  point  has  been  successfully  i,ddcd  to  the  set  of 
tetrahedra  and  the  process  is  complete. 


2  FINITE  ELEMENT  TIME.  DOMAIN  METHODS 


2.1  FAEDO-GALERKIN  FORMULATION 

Let  us  consider  the  following  vector  wave  equation  for  the  electric  field,  £,  which  is  derived 
&om  Maxwell’s  equations; 

Vxiv*5  +  t5f  =  -g  in  n 
fi  X  £  *  0  on  r, 

n  X  V  X  on  Ts  (1) 

where  r„ra  are  electric  and  magnetic  walls,  respectively.  The  weak  form,  or  the  Galerkin 
form,  of  Eq.  (1)  is  just 

where  v  is  a  test  vector  function.  To  achieve  a  greater  symmetrv  between  trial  and  test 
vector  functions,  we  apply  vector  identities  to  result  in  (assuming  either  PEC  or  PMC 
condition  on  the  boundary  F) 


S/’S 


+  i(Vxi?)s(Vx£) 


dn. 


-L 


dJ 


(3) 


To  make  this  formulation  operational,  we  use  the  Whitney  1-forms  ai  the  bases  for  the  trial 
space  5^  and  expand  the  trial  and  test  vector  functions  as 

£*(f;l)  wl4h(f)e‘(t)  (4) 
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when  tn  the  drculetloD  of  the  electric  field  end  the  vector  besU  functioo  ueoci- 
eted  with  edfe  i,  reepectively.  Alio,  ia  Eq.(4)  we  hive  uied  the  EiuteiD  notation  for  the 
lumroation  over  index  i. 

Finally,  the  optimal  weighte  e'  are  determined  by  the  Galerldn  principle 


for  all  j 

Now  we  put  the  Galerkin  equation  into  vector  notation,  with  £  aa  the  coefficient  vector,  the 
reiuU  it  an  ordinary  differential  equation  (ODE)  as; 

jte 

(6) 

2.2  FINITE  DIFFERENCES  IN  TIME 

A.  Central  Difference 

By  appl2ring  the  central  difference  to  the  time  derivative  in  Eq.  (6),  we  obtain: 

m  i  -  2^ +£"->)  + o’ IS]  £--0  (7) 

The  above  equation  can  be  rearranged  to  result  in  a  matrix  equation  which  can  be  used  to 
update  the  coefficient  vector,  £,  as 

[71  £-+•  =  -  [Tj  £*-’  +  (2  [TJ  -  eso  [S])  r  (8) 

As  evidenced  in  Eq.  (8),  the  updating  of  the  electric  field,  for  each  time  step,  requires 
solving  a  matrix  equation  of  the  fmm 


■  [Tl»wy  (9) 

However,  since  the  matrix  [T'j  b  positive-definite,  equation  (9)  can  be  solved  efficiently  by, 
for  example,  the  Pre-Conditioned  Conjugate  Gradient  (PCCG)  method  [3]. 

FVom  Eq.  (8),  it  can  be  shown  that  it  will  be  stable  if  and  only  if  the  following  condition 
holds 

p({2(I1-c»df»IS]}’)<4p([7’]’)  (10) 

where  p(A)  is  the  spectral  radius  of  the  matrix  A.  Finally,  with  algebraic  operations,  the 
final  stability  condition  can  be  deduced  as 


whtrv  and  an  the  minitauni  aad  the  nuudmum  eigenvalues  of  matrices  [T|  and 
[5],  retpeetively. 

B.  Fvnatrd  Difftrtnet 

Applying  tbe  forwaid  difference  to  tbc  ODE  in  Eq.  (6)  results  in  the  following  procedure 
to  update  the  E  field  in  time: 

f"+>  .  -r*-’  +  2r'  -  (12) 

However,  it  can  be  shown  that  the  numerical  scheme  proposed  in  Eq.  (12)  is  unstable 
regardless  of  the  time  step  6t  that  is  used  in  the  computation. 

C.  BaciiMri  Difftrtnet 

When  the  O.D.E.  (6)  is  appraoimated  by  backward  difference,  the  following  equation  is 
obtained 

([r]  +  e‘6i*  [5])  -  2  [T]  f"  -  [T]  f"-'  (13) 

The  nice  feature  of  Eq.  (13)  is  that  it  is  unconditionally  stable,  vis.  it  is  stable  regardless 
of  the  time  step  St.  The  had  feature  is  that  the  numerical  solution  will  always  decay  even 
for  lossless  problems. 

D.  Matd  Difftrenct 

As  evidenced  ham  abo;/e  discussions  that  both  forward  and  backward  differences  suffer 
serious  drawbacks:  in  the  forward  difference  scheme,  the  numerical  solution  always  grows; 
whereu,  in  the  backward  difference  case,  it  always  decays.  Consequently,  in  their  original 
forms,  nather  one  of  them  is  practical.  To  eliminate  these  numeiical  artifacts,  we  propose 
here  a  mixed  difference  scheme.  Namely, 

mixed  difference  *  iforward  difference  +  ^backward  difference  (14) 

z  z 

Applying  this  mixed  difference  to  the  ODE  in  Eq.  (6)  results  in 

It  can  be  shown  that  equation  (15)  is  not  only  unconditionally  stable  but  also  tbe  energy  of 
the  numerical  solution  remains  a  constant,  as  is  required  for  lossless  problems. 


3  NUMERICAL  RESULTS 

A.  Reetangnlar  Cavity 

A  rectangular  cavity  with  dimensions  2m  x  3m  x  4m  has  been  analyzed  by  using  the  three 
WETD  methods  described  in  this  paper.  The  cavity  is  first  discretized  into  tetrahedra  with 
the  average  eiement  size  h  ■>  0.3T8m,  furthermore  tbe  constant  a  for  tbe  excitation  is  chosen 
ax  V  s  l/(x/)  and  /  w  SOOA/H'r.  The  CPU  time,  number  of  iterations,  and  the  computed 
resonant  frequencies  are  summarized  in  Table  1.  We  note  that  WETDl  provides  the  best 
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•ccurtcy  with  the  longeet  computation  time.  Wherew,  the  WET03  offers  reesonably  good 
retulti  with  much  law  computation  time. 

B.  Sphtrictl  Canty 

Shown  in  Fig.  3  it  a  Unite  e]eme.nt  math  for  ait  alt-filled  spherical  cavity  with  radius  r  *>  Im. 
The  math  corretpondt  to  an  average  element  site  k  —  0.15m.  This  cavity  will  be  difficult 
to  model  using  the  conventional  FOTD  algorithm,  however,  it  presents  no  problem  for 
the  current  finite  element  time  domain  methods.  The  time  step  used  in  the  simulation  is 
c6t  w  0.07618607  and  the  simulation  runs  (or  500  iterations.  The  numerical  results  computed 
by  WETD3  is  summariied  in  Table  2.  At  can  be  teen  (tom  the  Table,  the  compatiton  of 
the  first  three  computed  resonant  bequencite  to  the  exact  ones  ate  excellent. 


EMKt 

Safe 

WSTDI 

WSID2 

WETD3 

cfi  / 

/MneWeat 

U37 

3900 

3ceo 

cev 

mn.T 

HftJ 

■■■■ 

mm 

■■■■ 

«.»»« 

ei./n 

UJt 

1  MWs2  (Uai) 

■ry-CT 

ttSTH 

tejs7 

»t.7t9 

tOJ)9 

u.7ta 

UJtT 

17.916 

Table  1:  Numerical  reaults  for  a  rectangular  cavity. 


Figure  3:  Tetrahedral  mesh  for  a  sphere  by  using  the  Delaunay  mesh  generation. 
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krnO.IS 


chtm0.076m07 


Exact 

Compand  (WETP  3} 

trror 

(MHz) 

(MHt) 

m 

13L0I6 

130.745 

0.207 

194.7789 

I84J8I 

0.107 

214.5279 

2I5J45 

0.382 

Tkble  2:  Num«rical  lauiti  for  » iph««  uvity. 
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B-4000Ulti-B«i|lM 
■k  ♦nTisffiirj; 

Ak  4.32-«l-Sfi»IO 


Sma.tnmtMMtm'MQtlti.Scttiiafmlty  Tkt  Htfutlt  i»^iii<W>ii>  to  Ity  to  M>tr« 


rni*iniiir<p»»*«flMtA.‘.Tlifl1»Mm— fciMiiihiin  li  >Mi<»  «i  1M  MwnlinyMi  — IwA 
mlituli  (3)  far  aw  <[!■■■  O  of  baw<T  r  t  cc— ■<.»*■»  w  It  i  ftf  —  iniw 

I u).)«-^^*v^dr.o 

Ite  VB(i  AndiMiM  of  O)  ■■*(  A*  (mliaw  *  •  AAmmW  I 

««|k(  Aaotai.  *•  KioMM  of  *•  pmMn  agM  <aln  of  M 1 

oo»Aiat'*yBto«l«m»oiaaA»oo»cn(1tOii>oiio«ii<— Holtitiiit 


<•7 


In  tt»  rant  nf  ik*  pnpar,  dK  wl—eB  u  f!«cnam*fneiic  qnnnliins  ii  liven  np  and  ihe  fcneni  system  of 
tBfcaaaWMit  imii'  mnainni  (DAE)  (4)  ii  oamid^ad: 

A  Xi)-b(0  (4) 

wiien  A  and  B  art  cnafflclani  manrioat.  b  is  dM  ligM  hand  ntembcr  vector,  y  is  die  unknown  vector,  t  is  the  time  and  the 
dot  indifatte  dm  daw  darivniive.  Mott  that  A  and  B  may  dmnad  nn  y  in  the  ate  of  a  non  linear  sysKm  e.f .  B  dejiends  on 

ymdiecaaeofiemiaiapaedcaannaaiaadaBehatBfXO)- 

Tbeananmicalanbainnaf  iyiima(4)iedidwa  adaw  Ba'ntiwinf  A  tinaile  tcheam  it  tiveo  by  (5): 

^AaLZia-tl  (ay,*,  *(l-ot)y.)-aib„i ♦(l-o)b»  (5) 


IndictaaaBdavl  aahriodaaadnaaatdma^aadVMi  •  W*  At  imptcdvaly.  Varioaa  dwieea  of  the  panmtter  a  iced  to 
!daariGalmamadi(om1.ia  haplirit  (bechwrrd)  Eaiar.  aXI,  ia  aapikai  (taraiid)  Balar,  im<iy2  it  Cnnk-Nicolton,  0*2/3 
htOaiaiXB). 

Ibc  BVJax  iiMi  ,v  o*  it  bivolvad  it  Ae  aoladaa  ef  tyittm  (S>.  Oat  ebvbnni  rnaditina  it  Ihat  it  mat)  be  invenible  Le. 
non  nualar.  lha  maly  ad  OAln  tyant  aacb  at  (S)  hnariva  dm  nsitjaidl  A  V  A  B  of  amaicct  A  aad  B  where  k  it 
an  aAidvy  patmaamr  {1  J|.  it  amat  be  tegular  u.  det(A  -v  X  B)  auR  am  vaaidi  idtadcally.  If  it  is  not  the  cane,  it  is 
in(idaa>bltto>I.deAtaBdaBoiaacbmBl  A/AivoB  it  not  tiacidar  and  die  tyaam  ia  amaaiaghet.  On  the  other  hand. 
gAvXBkaiagaIrpfaril,  lanortoea C, P eaht each  mat; 

A«-EAP*diagaj)  (« 

■•■BBB.dltt(WJ)  (7) 

whara  dlag  daaama  a  tgaam  mambt  enaiatd  wMi  dm  aqMtaat  aqaata  ttaafaaa  idtoad  oa  ha  dbgoaal,  I  me  anil  matrioea 
of  *0  amkhla  dhaaadna.  Wit  aiagabgagnammaair.aadjiaanilpoliai  Iordan  Mock  tnaubtoim  Mocks  ef  the  tom: 

ro  01 


LO  I  Oj 

j  tiaaodmt  hagaaiof  matt  Wockt  kat,  meBUgaiaBaoriidggadthe  matm  rnwniliioieecy  odanaate  J  auy 
eberaadvnly  be  deCaad  )■  dm  kaaim' at  tack  mat  J*  n  0  and  n  0).  With  y*  ■  P'V  aad  b*  n  E  b,  die  DAE  system  (4) 
is  k  kk  rr*«**a>r«miiei  eatm  ntNinfii; 


f  a  +Wo*g 
|jir  *  v*t 


Hw  aanmrical  btkaviur  or  a  DAE  aytmm  depaadi  taoagly  oa  kt  ai^Dieacy,  On  dm  one  band,  if  dm  aipotcacy  k  geetaer 
chan  one,  ds  tymam  k  vary  dUcak  to  aolva  and  vaoki  Mdadgnaa  amtl  bs  auad.  On  dr  other  hand.  U  dm  aUfoiene)' is 
epmla)ane(JkMtndcallyigaala>aaio),maiyMta  is  mack  eaafcrmatdre  and  acme  liittiralmediodilm  ODE  may 


In  me  eaae  od  dm  atagamodynaatk  ayamm  fax  two  kkdt  of  ogaadeat  atmi  be  cnakdtrtd.  The  first  kind  me  me  eqaadoBS 
oona^urndkg  to  aodm  btleagiag  «  m  kmi  ana  eaarnmdag  lagiois  Ike  dme  dtdvadve  of  me  oonMpoadkg  nodal  vakt  of 
the  vactw  potaakal  |lw  a  ana  aero  trim  oa  ma  dkfoanl  of  A.  Sack  ogtadona  do  not  kflnanoa  dm  ailpoMaKy  ad  dm 
tyamm.  The  aacoad  kkd  am  dm  agnndnat  eonaapemdhag  to  aodea  bahiagiag  only  as  atn  nnaihining  legioas.  Tbote 
iiydnaidoaoilmve'^^ditltraadtlmita.mayampmwlyalBmiairaadmairenaaibadontaidmmaBfa  AmemiUlkea. 
Tier  ob.ioatly  lead  toa  tyamai  of  arlpomacy  1.  Therefare.  cketkal  madank  Mch  as  me  ackaam  ())  may  be  need. 
Nerttihclaat.lfdmaiplreilEa!-vrtttdmdklriad.  dm  aiagMm' amBk  A/At  k  arvolved  and  me  aokdon  k  imiHttiblc.  la 
gaaerat,  purely  attpdcii  atamoda  may  aet  be  appHtd  m  tnlut  (4>  baemke  dmy  bnmlvt  dagalar  maaicca  and  implicit 
mateda  ana  ba  aaad.  Soam  of  dmaa  madmda  am  piaaanmd  k  ma  tallowkg  lacaknt. 


The  geimml  dillBoskI  ayaaaai  (10)  k  coaddered; 
y“f<y.o 

Toa)lvaitbyilnefcwatddWtieacelrimiakr(3DF)miahodHXikataBnwiagiapkcemtauarenmde: 
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••A  .ef-yi  -y(li)aad^'<((yi4i).*lldietaanii|beBi(apaeedbyacoaaaauiiaieaep 

At  ne  loliiiln  bciajt  kaoM  ap  n  diiH  ,  ihc  ataioa  at  tiae  Wi  cwnp—d  by  aolvtaf  for  y^i  the  sytian 
otaiiaad  by  doBf  (be  nphoearaB  (1 1)  aid  <12)  ia  (10).  A  pMkikr  Bcbud  it  dtflned  by  fMiif  p+l  oDefllcienit  cii  and 
4»1  coefflctali  Pi.  I  abowa  aoaa  elaadcal  aaduda.  Adaau  Moabni  ad  Otar  anboda  vpeat  at  bi|her  oiritr 
teaenUattiaa  of  tte  acbaate  (S). 
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Table  1 :  Badnaid  dfiamw  BMhoda 
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The  equivaleoce  of  both  farm  noy  be  ibown  by  mneifciin  tbatk|«Ai  f(Yi.  t,>fa^Ai).  A  s^step  method  is 
chg^e^i■BdbytflccoB^fb^^^rafl^.B^al^dM^g^^toittlU»^^»KacIttbte■■tocB^^^^ditg■m: 
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TIoIttcICaBiaBboilkMilhtwnidAoccrtliiadMi— cmofawrdItffiin-TteciMrimmilkaiilWhoJtareihe 
mtAoii  tar  whidi  Sj^aOteikLIftfiii  coaSitiM  i>  M  (Ufilkd  Of  #  0  for  j !:  i).  Ok  molKiils  mt  caltat  4ie  inapUcit 
Xante  KtiaiMb(rii(IIIX).  Special  can  of  DtXse  Ok  AtatOMliy  iiiiplidiRniiteKuna(DI]Ur)aieilnds(ifp^>Crcr 
j  >  i),  a  aab  raagn)  of  wUch  n  the  taigly  diagnaally  Implicll  Roife  Kan  (SDDUC)  meihodi  (if  P- -  0  (nr  j  >  i  and  if 
Pii-pforiOi). 

Tbe  nx  <nei>o<U  aty  be  appUad  an  the  DAE  ayaaea  (4).  Neyerthekaa,  only  foam  2  aiay  be  uaed  becaaae  foam  I  would 
invoindie  lamaeof  A  iaialaarniepL  TheadapoKioaof  Coam2loiheDA£ayairma|iveaihe(DUowiatRlaiiona  (6): 


Aki  -4l|b(t,*ajAl)-8(y,.  jpjj 

kj)(y.*iBii  kj) 

i** 

1 

ywn'yt+iiii  ki 

09) 


In  lltiacaae.a(u)x  (AB)ayamm  baa  aobe  aahmd  lofiadibBlij.  Neraaibelaaa,  ia  dm  caae  of  IHRK,  k|  dapendt  only  on 
ya.k]oidyany,aiidk|.aic-ad  teicladoaa(19)iaAioaaaaaato(xaacQeaBiveayaemiof  aizeo  X  a 
Hem  aa  aoam  axamplei  DIRK: 


•  ana  aap  aiiabnil  [71 

X  H 


la  ±0  caaa  of  baaar  nnibleaa.  ihia  meakod  laAmaa  an  acbeam  (S)  avapaed  for  te  iBtqmadeaa  Kna  b  whadi  U  diamiaod  ai 
bda-aXAi)  inaaead  of (I-XIIK^HX  NlwO. 

•  tarn  amp  mated  (7) 
k  |X  0 

1-X  1-22. _ X _ 

(1(2  1(2 


« three  step  method 
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l-2a 
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with  tt  ■*  v2  IDd  Q  ■ - j— . 

Note  Uui  Ibis  nwibod  is  syssplectic  ix.  for  Hsmilsonisa  sysaeai,  ii  ccnsesvss  the  synplectic  two  fonn.  The  wesfcer 
popBiiet  of  vDhMne  comi»siio«  in  phnte  spice  (Liouvilie's  Ibeonon)  sod  of  conserv  uien  of  energy  me  s  consequence  of 
liiit  sympleciiness-  Uofontnstdy  the  orabl«s  considend  in  this  psper  ire  im  Hsniilimun  nv)  Jiio  rcheme  does  not 
conserve  energy. 

the  fbOowing  slfOtidMi  any  be  need  n  inpleineitt  the  DQUC  method  in  soivo  (4)  snd  to  kecit  ‘.At  ijtn  of  the  non  linear 
sysnns  ID  be  salved  as  cloee  as  poeahle  ID  the  ones  hnoived  ie  the  other  tnethcds: 


The  principle  of  eniapolaiion  SMihods  k  10  perfonn  corapiaiiiani  widi  a  basic  scbenin  for  a  SMinsncs;  of  dcacasing  time 
nepsaadioeatnpoiiieioaeRidaMsaq>{Richaidiao'sdalenadippioichlDihcUBU!91.Tbaiisaudebycoaiiikin|  the 
siympntticdevelopineauftheetrotofawbaticscbioieaiponicisofihetiniemiisidb/anuilliiigihesocceiiiveieiini. 
the  fQltowing  alfoiiiha  his  heaa  nsed  ior  the  campMiaos  pesfcsand  in  Ibis  piptK  The  cbosca  basic  scfaerae  is  die 
implicit  Euler  method.  AUnogh  the  Cnsdt  Nicalson  method  is  men  acearam.  sniaa  ojcUtaaionii  doe  to  hs  weaker 
tabiUty  ieopertiie  dm  couvenence  of  the  esmpolaiiaa  procsee.  The  implicit  Eakr  method  is  vtsy  staHe  snd  ht  error 
devctopmsaliacladesaU  me  powers  of  the  dmeiiep  faun  the  firm  oee.  The  emrdevtfopnient  of  CN  inclades  the  sane 
terns  wcepod  the  llmoninr  one.  The  fbUpwingneiBiitw  of  lime  stun  arrenelu  id  P): 

{di.  dl/2,  Alf4.  61/6.  dl/t,  6t/l2 . dl/si  ...}  .  m-^.j  ibri>4  SCO 

dnning  at  tune  ^  with  anInliQn  y,,  a  aoimion  Tn  at  daw  leWdi  is  obttiaed  by  ncrfonisig  it  imps  of  iaplicii  £010- 
method  with  the  daw  mep  diAh .  The  fttOowing  seqomce  of  at^etniuains  is  obtained: 

{Til.  Tjt.  Tj,.  Tet.  Tji.  T«i.  Tyi . Tn  ...} 

The  hi|her  order  appRadaiaiiiais  me  obmamd  by  ooneauctiag  the  foilowiag  diapam: 

Tit 

Tu  Ta 

T31  Ta  Tsj  P2) 

T.t  T. 

The  flisi  coliunn  is  given  by  C2I)  snd  the  other  ones  me  coinpuied  using  Im  foUowiiig  leciarence  formula  (polynomial 
estrepolaiion): 
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‘iji  “ ‘i,k-l  + - i - - 


(23) 


In  pnctice,  the  diagnin  is  coBsmcted  Uoe  by  line  by  computing  i  now  aid  perfofming  loe  estrspolsiions.  Tiie  proce&s 
is  stopped  when  Ty  «dTu.,.«r>:apio(he  ra^niied  accuracy.  Tbe  ratkaial  eanpoluiin  may  aln  give  good  leailts  and  is 
adviaait  by  lonie  autaon  (9|.  U  laquim  doly  die  oae  of  (24)  iataead  of  (Z3): 

-  CTu-|-T|-i.k-i) 

‘iji  "Tuk-l  ♦ - “ - ' - 


a; 

"i-a«t 


1 


•1 


04) 


la  pnetioe,  both  aagapniaiiiwH  are  parHifed  and  die  bes  ia  cboaen.  la  numerical  mail,  the  polynamial  exn|iolaiion 
sesBis  to  bewer  comtof|e< 

Nnmerleel  eeamelee 


Aa  an  appliralira.  Urn  diadbarta  of  a  in  a  aeriaa  RLC  cbcail  ia  cuaaidered.  where  the  inductive  effecu  are 

corapiaed  by  the  flaiie  ekaeat  metbod  fioj.  Tbia  ia  a  bee  oacillaiioo  pnibleffl,  which  ia  more  aensitive  to  time 
inleciaiiaa  oieihad  than  Coned  oerillaiion  oaea.  Fint,  the  lioear  caaa  (p,  •  1000)  ia  conaidend  in  order  lo  study  the 
babavioar  of  dm  vwktua  rhtmin  The  lefewmee  adution  ia  computed  with  the  Cteek-Nicolaan  method  end  with  a  very 
aauU  ampaiiebw4.llHmc.FercenipmbitibeimriaBmedieih.  ncoaamntiimiita  cf  h«4,10-J  see  ia  consideied. 
wtdeb  conevoadi  appraabiHMly  to  20  ampaiam  bi  mm  peried.  In  Sgiae  1,  the  mulbiMp  medioda  ate  compared.  It  appears 
that  ka  implU  Eukr  mamod  baaa  BO  bnponaatdMpiai  eftcL  The  Qaek-Nioalsim  scheme  is  very  accisme  (the  energy 
of  the  ayaem  it  ag-putiiniamly  rnemriuiQ.  bat  a  aaull  fteqiiaary  oier  is  btUDdnctd.  Hie  atom  precise  acbeme  is  the 
Adaeaa  Moalaoi  one,  bm  b  baaomm  muMflle  after  a  lew  peeieda.  Hnally,  two  ^  Oev  ia  noa  of  great  intcacst  becaiae 
fteboeocy  error  aa  wed  aa  aimnriral  diwpenp  effect  are  praaent  It  must  be  mtioed  that  all  ibaae  methoda  are  similar  in 
compniadim  time.  Ugber  order  eaeibodt  (tisb  aa  two  aiap  Gear  and  Adams  Moulton)  only  require  the  stonge  of 
jpISCDSdiSfiB  UBCtofle 

He  oee  seep  methods  are  compered  m  npme  2.  It  appenra  that  dm  aympieciic  DOUC  method  aa  well  as  the  expapolaiion 
mathedgbreeacelliiitiwaelaLCnnretpaiKaoftheeaBapoladcnproceaaiataaatadyMchedafteriaBbdiviaiomof  the 
aaepaiaB.  Tbia  mamai  dmt  dda  meBod  is  moca  eapaniive  ftaa  Oraelt-NiailaDn  acbeme.  I jrger  aeptiset  have  been  tried. 
For  the  latpem  eertpaien  (4b),  Be  eenpotaoim  proceat  convcitea  after  4  aubdiviaiont.  The  aoboian  is  aiiU  eaceUeni.  but 
aeetaa  dtacombmons.  TUi  cat  eapinio  why  dm  Qank-Nicobnn  medmd  is  pteteted  for  linev  pnblema. 


Rpmincd _ 

Sspiffiiliite: - 

Ctdidt-Ntolpen _ 

3.MPP  Maim  Mqpbon. 

aawisjF- _ 
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Reitfence _ 
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12. 


Tke  CiMk^NinlMi  iMibad  wm  n  ta  •  anplc  led  «KiaEtlc  mtUiod.  Nevtnhektt  it  m*y  bul  h  mue  prablani.  An 

incicsiag  ilunatne  ■«  lh«  ctoipolaiioa  moihods.  Aliiuii(b  ihty  tn  time  camumiat,  cnn|ioluion  methods  Bt  veiy 

ratast  MKl  provide  a  aMmal  amriiinlim  tit  aep  oontml.  Enofy  couervaion  ^ipean  lo  be  a  food  m  o(  the  validity  of 

the  method  foe  vety  oomplea  prabtcnis. 
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Abaumcl 

Tha  paper  docrilMt  (or  (be  fim  tiiDe  newesMplec  peiiodk  taoundaiy  coadiiioiu  that  enable  efDcieat  Gaite  clement 
mortfllng  of  peiiodte  altamalaii  enrteat  eleemanagneiic  devicta.  Thete  boundary  condition  an  ihom  to  be  a 
tpeeial  tom  of  multipoint  oontirainL  Applications  ate  made  to  low  ftequency  electrical  machineiy  and  to  high  fre- 
ipieoey  phased  array  antennas.  Computed  ttaults  an  voified'y  their  agtccmeat  with  those  of  much  larger  models. 

lNTRC»UCnON 

Periodic  boundary  oonditian  an  eomtaonly  used  to  reduce  the  sbb  of  finite  element  models  to  only  one  portion 
of  an  entfae  devin  [1).  Conrendonal  periodic  boundary  condhioos  amtirain  the  potentials  and  fields  on  one 
boundary  10  be  equal  or  opposite  u  those  on  a  boundary  one  period  away.  Thus  in  altematiai  cumnt  electromag¬ 
netic  pt^ileait,  these  period  boundary  eooditioes  spa^  a  phase  shift  that  is  an  integer  multqrle  of  180  degnes. 

This  paper  describes  and  epplies  new  oaqplcc  pbasor  periodic  boundary  cottditiont  that  enable  smaller  phase  shifts 
and  thenfote  smaller  ac  models  to  be  ua^  While  similar  bounduy  conditioot  have  recently  been  mentioned  for 
a  tiybiid  raethod  |2),  this  paper  is  the  first  to  describe  the  theory  of  oDinpleii  boundary  conditions  (or  finite  elements. 

The  first  applicatsan  of  the  new  boundary  oooditiaas  is  to  low  frequency  bpparitua.  Resulis  obtained  for  a  one- 
third  pole  itsadd  of  an  hafaiction  motor  with  the  new  boundar;' oonditioria  arc  coarqtared  to  those  of  an  entire  pole 
model  using  comentiasial  boundary  conditioaa. 

The  second  applicatioo  of  the  new  boundaiyoonditionsis  to  high  beqtsencyantennaa  An  infinitely  periodic  phased 
array  u  anadyrnd  with  the  new  boundary  cooditiont  tor  oosttpariton  with  results  obrained  by  a  much  larger  finite 
element  model  having  oottventioaslbatnalarycoriditiots.  Tha  new  oomplea  periodic  bouadary  conditions  are  also 
used  for  antenna  scan  angles  that  cannot  be  analyaed  nsrag  cortveatioaal  boundary  ctwditioas. 

COMPLEX  MUUTPOIKr  CONSTRAINn 

The  finite  element  analysis  software  used  here,  MSOEMAS'*’^}],  baaed  upon  the  potential  vector  {u>  made 
of  magnetic  mctor  potential  X  and  time-inisgrsted  electric  scalar  potent!^  ty,  has  three  nutrices  mailing  up  its 
equation: 

IMKu)  +  [BHii}  +  IKKu)  -  {P}  (1) 

where  (M|  is  propoctional  to  petmitrivity,[B]  is  prcportiotul  to  conductivity,  and  [K]  is  proportioi  to  reluctivity. 
{P)ia  the  cBitniion  and  is  assumed  known.  Inlliispaperweassameahiusaidalaceacitation,aolhatuisacomplm 
phaior.  and  so  ace  its  first  and  second  time  derivatim  Thus  lor  an  angular  ftequency  u  -  2  rtf,  (l)becomes: 

[-  o>»M  +  JmB  +  K|(u>  -  IFHu}  -  {P)  (2) 

Boundary  conditions  that  relate  a  potential  u  im  one  boundary  m  to  those  ou  another  boundary  n  can  be  eiqjressed 
asamiddpcincconsonbu.  This  constraint  obeys  a  matsit  relation  between  nodal  values; 

iu.)  -  (OJlu,}  (3) 

One  way  of  cnfctciag  such  a  constraint  is  the  LepwRfemuhipieriechniqiiclLMr)'  Ilcanbeexpresaedas: 
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(4) 


where  the  vector  putilion  qaconumi  the  Ltfrange  mulliplien  end  where '^indicetei  the  edjoint. 

Ancthcr  wty  of  enforcing  the  constraint  of  (3)  is  the  constnitu  vahabie  etimitutaon  technique  (CVET).  It  can  be 
eaptesaedu: 


(F.'Hu.}  -  (?.'> 


(5) 


where 


[F„'l  -  [F.l  +  [F JIGJ  +  (OUFLl  +  lGLl[ii!-lt0.1  (6) 

{P.'>  -  ir.)  +  [OU{P.>  (7) 

If  [F]  Is  e  teal  lyminetric  matrnt,  then  (F^  !s  Hsraitiaa;  otherwise  (F]  is  a  complex  unsymmetric  matrix  Open 
boimdaiies  [4], [3]  might  prodtice  an  uosymmettic  (F)  maDix. 

The  two  ooiBittaint  techniques  ate  oompatad  as  foUcnn.  The  LhfT  enlarges  the  site  of  the  matrix,  but  makes  it  more 
sparse.  The  CVET  raduees  the  aixa  of  the  maiiht,  and  was  chosen  for  the  compulations  of  this  paper. 

AFPUCAnONTO  LOW  FREQUENCY  APPARATUS 

The  lowboquency  device  to beanalyzediaaMHxpoiyphaaeACinduciion  motor  that  has  two  poles.  Figure  1  shows 
the  gemoeny  of  the  induction  motor,  indudiog  the  stator  windinp  of  phases  A,  B,  and  C.  There  are  24  stator  slou 
and  teeth,  and  36  rotor  hers  and  teeth.  These  numbers  of  stator  and  rotor  teeth  are  quite  common  for  induction 
mocm.  Because  of  the  three -phase  stator  winthnis.  the  number  of  stator  slots  it  usu^  a  multiple  of  3  limes  the 
number  of  poles,  and  hence  24  stator  sloit  tie  ofln  used.  Tb  mhiiniite  loique  variation  and  acoustic  noise,  the 
number  of  rotor  leeth  it  usually  signiftcantly  greater  than  the  number  of  stator  teeth,  and  hence  36  aluminum  rotor 
ban  arc  often  used  [6]. 

The  minimum  model  sme  with  oomentioiial  real  periodic  boundary  conditions  it  one  pole  pilefa.  or  180  degrees. 
Figure  2  sbows  the  180  degree  finite  oieaKnt  moiei  developed  tor  Ibe  motor  of  Figure  1.  The  model  consiasa  of 
444  tno-dbnemtoaal  quadrilateral  finite  elements  and  414  edaagulai  finite  elemeels.  There  are  697  grid  points 
(nodes),  eneb  with  ooly  one  degree  of  fteodinu,  the  eoanponent  of  mngnetie  vector  potential  A  that  is  in  the  I  direc- 
don  nonnal  to  the  20  finiSB  slcmcnti.  ThebotmdatyoooditioiBooiiaistofsetiiagAtoietoattbeinnerandoute.' 
diameters,  phn  periodic  boundary  coadidoiu.  Thepetindicbaimdaiycoodllioasate|l]: 

A(r.  1I0« )-(-!)  A  (t,0»)  (8) 

which  arc  enfasoed  at  the  grid  points  of  radius  r  between  the  itmet  and  outer  motor  radlL  Becuate  (8)  involves  a 
oostBdani  that  it  a  real  number,  atost  finite  eiemeni  codes  are  able  to  enftne  iL 

The  aemaipetic  field  can  be  computed  tor  the  1809  model  of  Figuie  2  St  various  slip  bequendea.  Figure2ahaws 
the  computed  magnetic  flux  lines  at  a  typical  instaat  and  a  typical  slip  baquaacy  of  3  Hz  (S%  of  60  Hz).  The  com¬ 
puted  values  of  stoced  energy  and  induced  power  tor  the  180*  model  are  listed  in  Ihble  1. 

Figure  3  shows  a  new  60°  model  of  the  motor  of  Figure  1.  It  has  ooe  third  the  number  of  finite  elements  of  the  180° 
model,  and  has  only  241  grid  points.  Figure  4  raquiies  the  complex  periodic  boundary  conditions: 

A(r.60»)-(ooe60°+jsia60°)A(r,0»)  (9) 

whicb  ate  enforced  at  the  grid  points  of  radius  r  between  Ibe  inner  and  outer  motor  radii. 
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R|hmX  OBe-pok(l«»)aniw«lcnient Model otFIgBwi.^iwiaiceapuMdiaitOTtiiiiinQifliiiliBet. 
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Rconl  OM-tUnlpak(40>)aoiWo(Fifun l.shoanntooBputtdiiutiiiuiieowfliiiliiiei. 


'I>e»emj>Btic8«fcl<iiiW|wad>iTth«M»inaddof  Fiyjt  3»tvnioiuilipfatqiitnae».  Fi|uit  3  ihows  the 
ooaputatf  MgDttieihBUaMM  «l)f|i<atnaist  at  slip  frequency  of3  He  the  Sux  lines  *|ree  with  thoee  of  the  180° 
anMafFIfueS.  The  aoBtpiuedenenyeadpoeei' fat  ifreoyaodelere  lined  ialhblel,  and  ate  Memo  be  eoctly 
one  third  llnaeof  the  ltO°aodeL  itenoe  the  ooopleapeiiadichoiuidaiyooaditioiii  an  obtaiairt  the  correct  an- 
men.  Becaoee  the  eoteptaoaadiliaMfedeee  the  aodaliiae.  the  ovenllCFU  tune  hraduced  boo  60.7  Koonds 
lo40.9eacoMhoaaaHP9000«aikitalioaL  ThistaductiooiaeipacMdiobeevciiiaandfaauticforlatter'Bodeh 
nckaaSDaodak.  biaddiliaatoC7Ui«doctioaa,dlafcalata|eaodawaiafTi«qiuniDeMaaraahog>tailyicdticed 
by  the  ootBpiex  periodic  botMde^F  oQoditiOda 

Ihble  1.  COMPUIS)  ENERGY  *  FOWER  IN  INDUCTION  MOTOR  MODELS 

p...—.—  «i»i»o.<.i 

Mepericeaeipqoalee)  Vn*Sm~2  6.9IS143E-3 

FQai«r(«eiti)  72197*S-2  L40991SE-2 


AmiOOTON  TO  niASED  ARRAY  ANTENNAS 

Thehi|hftHBeiTdevinetobee«el|f»dieepheiedeneyaiepae»eveeateaee.  Fi(orc4itaointkefiiiiieeleiDeDt 
Bodal  «f  fo«r  eMMae  of  the  pbeiad  enqr,  which  an  frd  by  taciaaiulet  Betel  wMfuidae  opeiBtiiii  is  the  funda* 
■eecelTBlO  mode  with  rie uric  Reid  htteydfreedoB.  Tltefre^MncyteSOHi.  The  wenfoide  width  ia  the  x 
dfracthwIiS.TldcBeBdililagdliBliMadincriiBhUcB.  Note  thu  a  ledooe  of  relatfrepeitaittivity  3.0625 

eadlhiiiiieeiTt5TcBaBe»ethewen^itdeflpe»ih|«°fr»»ip»e»n- 

ThelonentiMeoellaofPldB»*en  miAedtoheaieaibewof  eaieilaite  aneyotpeceietriceUyideoiicelceUi 
piaoedakai  the  X  aria.  The  idaatkalwwetuidtaete  all  asauaed  to  bamt  eadtatioatof  idemical  etapUtude.  but 
with  phaaaatnlat  that  an  piepottiocal  to  their  poaitiooaaiMUthexaxIi.  Thenareateidasticaletavefuideanteu- 
aaaamyadinthaydincthiB,biitthaaxriiatlimiiiagnit»dataadphaaeaanBr>ariaiuintheydiiacrioit  Byvaiyiii( 
the  phaae  ahilt  ia  tha  x  dhactiea.  the  antamia  bean  caa  be  ecanaad  (pointed)  at  niiout  anilaa  in  the  xx  plw. 
HaaeatMaphaiad  anayanianiii  ran  baaaalyaadialatteio-dimaniinaalflaiteelamcBttta  the  xx  plane.  Tbabaoib 
the  pnear  laxriai  tha  Saha  ateaaat  aaodai  u  the  atohaioB  z  bouadaiy  of  Fi|u»  4,  ipecial  planewave  ABCs  (Ah- 
aarinai  Botaidaiy  Cowditkia)  an  Head  at  that  booadaiy  (S| 
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(10) 


kaowB  nlwloa  [7]  btniM  ptaM  iMtt  ta^  (ta  dtftiM)  aid  MU  Ufi*  a$: 

iia«i-«s)iA3«*4) 

whore  X  ii  ibe  wraleaiifc  tad  d  la  the  oeO  «Mtk.  wtakfa  is  5.714  ca  la  ihii  eu*. 

Flfun  6  ihawi  the  phiaa  feaaM  eoapitad  trt  tbr  four  call  mdr!  Tht  phaaa  honn  ha««  the  ume  inile  u  the 
PiqnliBi  vecton  o(  Fifun  5.  that  it.  1Z64  dapaae 

_ 2 

I 

|X 


Fltbiad.  Oooianad  phaaa  btaat  el  bat  eaUtef  phased  amjr. 

C oaplai  OMldpelat  ceuisi  sluts  eaa  ha  toed  le  aoalpae  tha  eoiiw  aaaaaaa  any  with  a  osodel  el  ecly  oae  ot  its  ea- 
taaDM.  Fora>BBpit,Fi(an7BahmiheFhgMlla|vtciatcaMpaHdbjrMSOBMASwltha  ooa  ^  Bodel  with 
oesaptaieeatmlattelphaat  shift  aSdemet.  Ihaiasaftaa^eriththoaeaf  ihafaarcallBa)dalofFiriR5.evea 
tha  auabet  el  Salst  alsMti  it  ladoetd  hgr  a  bclof  el  boa. 
Pl»iie7baheviatbaphaiaaa||aaef*eelaelrictlsld  nnMpatedbtthaeaeeallMdeL  IhaphMcfteeia have  the 
•aae  aafla  at  Piiftia  4  that  it.  1244  Apat^  The  eemftB  periodic  heoadtiy  caodlticat  an  pceperiy  hapoeiiii 
a  phaaa  dMatoaet  el  dSdaptaafteea eat  heoa^ el  the  nodal  so  lha  eppoaha  side  elite  modaL 
Aaeihat  hap  adcaataia  ol  *t  oenplB  pariedb  eeatetialt  Is  that  the  e«  cad  asedai  el  Pigan  7  can  be  uatd  to 
aaalpnthaawayallhMyphaMi>«taa|luaat>staateaprltesi>e<iai>dsrssa  Fifue  la  thorn  the  oonpoted 
FaTBtia(«anacaiQraptettthiftal20dtpeet.adFlgBnlbteowatteeoamMdphMeaa|)H.  Nose  that  tpia 
ttephaaeaa|bhnindaiyrindltlinatnaheped.tedthatbaicteah|blendaeedaceotdiatie(10). 
nganPahewaihaaeaipniedieialMbraphtss  rilftelTIdtinea.  NetttaFltanththatihateaaaaileiaiactcatad 
aoBoidinfKi(ia).  Figafate  theca  teat  btbeaBdtcrooadWoai  el  70  dagnaphaae  shift  an  ohopad. 

The  ehoca  phased  amp  aaiaaaa  hit  baaaaadatelailhtwo-diaeeathiaalftaiioateiaiiiti  and  with  ealp  oae  coei- 
poeaBtelata|Betiircai:siwpBieBliilX,ai*ttanadlncrioaynthaalacttlcBeld.  TheiaileetioaeaefflcieBiicoa- 
putad  hp  MSOBMAS  win  ha  eotapand  adth  theta  ol  the  ntthod  ol  nonaatt  [7]  b  a  taiBte  paptt  {5]. 

Owptec  ptstodie  beoadaip  ooodUoat  have  the  beta  bglaaitaitd  ia  M5CIBMAS  br  thna  dimaasiaaal  finite 
aitnsBt  atodelt.  In  each  caatt,  up  to  ihne  ecaapinaats  ol3C  at  coll  n  scalar  petearial  tp.  ate  all  gtvea  phase 
I'll  ■sffslisri  Fhaaad  maps  that  seta  ia  two  dinedoetnqabeihnedineDBaaaltiaiteelsii^andelt  with  such 
taalll-dtirae-ol-fteedeei  cneigtet  anitlpniat  >"»*««»*»-«« 
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npm?.  OwflrtaodilolpiMiitfiiVwf 

•VcoapmdBnjfiitag  iwaMi,  fc).<Bis.rtNpfcii»i 


«>)• 


F)fwt9.  Co«»pK»dmotofar«m»c«ll moiklinUphiM tttaofTOdtpjci 
a).A9U«i|  vacton,  b).  plUM  MflM  ofckdric  flBld  (20  dcpn*  per  eamoor  Ime). 


CONCLUSIONS 

Coopln  puiodie  boanduy  eoadilwu  bm«  bMB  Aown  to  bcipadai  (ami  o<  mllipaiu  oannmB  tbai  are  ea- 
foRabia  bgr  batB  alaaaat  oatria  opatBiiaoa  mch  ai  tbe  LafiiBca  Bodiipiiat  tacboiqBe  or  itae  >">o>aaiat  variable 
aliMatioaitacbBiiqiia.  Tbaai  rnanilfTnwiBalnHriiililaaiM»ailaiDl  iilalatoaiifiiBBtaoi.  nicoaUtoiapia* 
nt  an  anEqr  of  neb  oaboKiiadDilhaaqtoipkaaaaBjIaa.  CoMpoiad  Settlor  a  WlfciaduiaiBB  motor  and  a 
3  (Ub  pfiiaad  amy  aoMBH  itaov  that  the  oDBvtr!  patiott  booadair  ocadiliaoa  on  ooa  tell  aadab  ptoduK  the 
— aioaalBa<thDaaob<aiaadt»tt—thlaniiraMdalat»ttoiitlbeaet>boimdaiyceodhoBi  Tbe  oaw  booodaijr 
cnriditiGM  era  oapaciallyhelphil  hi  Modafcgphmad  away  aotaamafcwbam  they  aroia^oiiod  lor  aaalyiiinartMiraiy 
pfemfaift  aad  acaa  aaflti. 
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Iiitiodoction 

The  hybrid  finite  element-boundary  integral  (FE-Bl)  method  hai  been  found  par- 
ticnlarly  attractive  for  ■imolating  patch  antennaa/amyi,  printed  ipirals  and  non- 
planar  cavity-backed  antennai.  The  analyma  of  such  a  diverse  coUection  of  antennas 
and  arrays  can  be  readily  analysed  using  a  single  computer  code  while  taking  into 
consideration  feeding  lines  and  antenna  geometry  substructure.  Because  the  exact 
boundary  integral  is  used  for  terminating  the  finite  element  mesh  on  the  aperture 
surface,  there  is  no  compromise  in  accuracy  and  furthermore  use  of  the  Fast  Fourier 
Transform  (FFT)  in  evaluating  the  boundary  integral  contribution  leads  to  a  min¬ 
imal  0(N)  memory  requirement  and  a  substantial  increase  in  the  efficiency  of  the 
solution  method. 

After  a  brief  overview  of  the  formulation,  in  this  paper  we  will  describe  the 
characteristics  and  capabilities  of  a  new  computer  code  which  uses  tetrahedral  ele¬ 
ments  for  discretising  antenna  cavity  and  triangnlar  patches  for  zoning  the  aperture. 
The  geometrical  Interface  of  the  code  will  be  addressed.  The  accuracy  of  this  FE- 
BI  code  will  also  be  described  in  comparison  to  other  finite  element  formulations 
which  employ  absorbing  boundary  conditkms  or  artificial  absorbers  for  terminating 
the  mesh.  Several  calculation  examples  involving  different  antenna  geometries  will 
be  presented.  Radar  cross  section  (RCS)  and  radiation  patterns  as  well  as  input 
impedance  computations  will  be  compared  to  measured  or  reference  data. 

A  second  code  for  cylindrically  conformal  patch  antennas  will  also  be  described. 
This  code  employs  shell  dements  for  meshing  the  antenna  cavity.  Since  these  ele¬ 
ments  are  analogous  to  bricks,  the  code  incorporates  its  own  mesh  generation  algo¬ 
rithm  for  rapid  geometry  specification.  Attention  will  be  focused  on  the  validation 
of  this  code  for  wraparound  patch  antennas  and  accurate  teed  modeling  using  mea¬ 
sured  or  reference  data.  In  addition,  suttenna  performance  results  will  be  presented 
as  a  function  of  radius  for  a  typical  configuration. 

Formulation 

The  FE-BI  system  for  cavities  embedded  in  a  metallic  surface  (planar  or  cylindrical) 
may  be  written  as  a  matrix  equation 


where  the  cntriei  of  |^]  ere  dne  to  the  finite  element  portion  of  the  formuletion  end 
[ff]  i«  ettributed  to  the  bonndery  iniegrel.  The  co^cients  end  fj”'  denote 
nnknowiu  euocieted  with  the  eperture  and  interior  fieldi,  respectively,  whereet 
JJ**  is  the  excitetion  fnaetion  dne  to  exterior  eources,  such  as  a  plane  wave,  end 
/J**'  is  the  excitation  function  due  to  interior  sources.  In  this  paper  the  source  is  an 
infinitesimally  thin  probe  feed  normal  to  the  patch  and  cavity  base.  This  formulation 
may  be  readily  modified  to  include  the  efiect  of  lamped  impedance  posts,  shorting 
pins  or  resistive  cards  as  reported  by  Jin  and  Volakis  [1]. 

Solution  Methodology 

For  both  planar  and  cylindrical  geometries,  the  unknown  electric  fields  are  found 
by  solving  (1)  using  a  Bicoqjngate  Gradient-Fast  Fourier  Transform  (BiCG-FPT) 
solver.  Since  the  system  is  symmetric,  only  one  matrix-vector  product  is  requited 
for  each  iteration  of  the  BiCG  algorithm.  This  product  comprises  the  bulk  of  the 
computational  effort  in  the  solution  and  it  is  therefore  advantageous  to  minimize  its 
execution  time.  In  our  implementatioo,  substantial  CPU  reduction  time  is  achieved 
by  usiag  a  sparse  matrix-vector  product  for  the  finite  element  matrix  term  [.4]  and 
a  discrete  convolution  product  for  the  boundary  integral  term  [G]-  The  resulting 
product  impoees  both  low  computational  and  memory  load. 

Having  determined  the  electric  fields  within  the  cavity  and  on  its  aperture, 
engiiieeriiig  quantities  such  at  RCS,  radiation  pattern  and  input  impedance  may  be 
determined.  Both  the  RCS  and  antenna  pattern  are  computed  using  the  aperture 
fields  while  the  input  impedance  calculation  requires  the  interior  fields  near  the 
probe  feed. 


PIsmsur  Code 

Consider  the  printed  conformal  antenna  configuration  shown  in  figure  I  where  a 
cavity  it  recessed  in  a  perfectly  conducting  ground  plane.  Printed  on  the  cavity’s 
aperture  is  a  radiation  element  of  arbitrary  shape.  In  order  to  simulate  the  geo¬ 
metrical  irregularities  as  well  as  the  dielectric  inhomogeneities  of  these  antennas, 
we  choose  tetrahedral  elements  for  the  FE  volume  discretization  because  of  their 
geometrical  adaptability.  The  expansion  of  the  unknown  electric  field  in  this  imple- 
meatatkm  is  then  carried  out  by  uring  linear  edge-based  shape  functions  [2]  since 
these  elements  are  well  suited  for  vector  field  representation.  The  boundary  inte¬ 
gral  portion  of  the  system  is  formulated  on  the  basis  of  the  equivalence  principle 
which  requires  an  integral  equation  in  terms  of  the  free  space  Green’s  function  and 
a  magnetic  current  over  the  aperture  surface  which  relates  the  magnetic  field  H  to 
the  tangential  component  of  the  electric  field  £.  This  leads  to  an  exact  boundary 
condition  for  the  FE  volume  termination  as  opposed  to  other  truncation  schemes 
such  as  absorbing  boundary  conditions  or  artificial  absorbers.  The  tetrahedral  ele¬ 
ments  in  the  cavity  reduce  to  triangle  patches  on  the  aperture  surface  which  results 
in  triangular  zoning.  Linear  edge-based  shape  functions  associated  with  a  pair  of 
triangular  patches  are  introduced  for  the  electric  field  expansion.  Again,  the  sur¬ 
face  basis  functions  just  like  their  volume  counterparts  are  divergence  free  and  well 
suited  for  the  vector  field  representation. 

Since  a  geometry  of  arbitrary  comporition  is  to  be  analyzed,  a  commercial  mesh¬ 
ing  package  such  os  SDRC  I-DEAS  is  employed  for  preprocessing  so  that  a  tedious 
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(•ORWtric  dAtk  input  ii  avoided.  An  interface  between  the  main  profcram  and  the 
meth  generator  ii  provided  a*  the  iccond  stage  of  preprocess.  To  reduce  the  mem¬ 
ory  requirement,  only  noniero  dements  for  the  FE  system  ate  stored  and  the  BICG 
solver  is  utilized.  If  the  geometry  of  the  radiating  elements  is  regular  and  uniform 
zoning  on  the  aperture  is  physically  aceessiUe,  then  the  boundary  integral  system 
becomes  a  discrete  convolution  (provided  the  unknown  edges  are  appropriately  or¬ 
dered)  and  the  efficient  BiCG-Fn  solver  is  used. 

Since  tetrahedral/triangular  elements  are  chosen  for  the  cavity/aperture  dis¬ 
cretization,  a  particular  feature'  of  this  program  is  its  capability  to  simulate  planar/noD- 
planar  antennas,  dieleCtnc  substrate  inhomogeneities  and  diverse  feeding  schem'ss. 
Several  numerical  examples  are  shown  to  illustrate  the  code’s  impabUity.  Figure  2(a) 
displays  a  square  Archimedean  spiral.  A  square  ratner  than  a  circular  spiral  was 
selected  because  it  allowed  comparisons  with  reference  data.  The  complementary 
square  spiral  consists  of  strip  arras,  each  of  width  0.09375  cm,  placud  (free-standing) 
on  the  aperture  of  a  square  air-fUled  cavity  which  measures  2.812  cm  per  side  and 
0.9375  cm  deep.  Figure  2(b)  illustrates  the  d  >=  45*  plane  a,t  and  bistatic 
patterns  for  this  structure  where  the  plane  wave  was  incident  from  30*  off  nor¬ 
mal.  The  On  pattern  compares  well  with  corresponding  data  based  on  the  finite 
difference-time  domain  (FD-TD)  method  {4j.  No  FD-TD  data  were  available  fur  the 
Of4  pattern  but  as  expected,  the  return  is  much  lower  and  vanishes  at  grazing. 
Figure  3(a)  iOnstrates  a  circular  patch  residing  on  the  surface  of  a  0.406  cm  thick 
substrate  having  a  relative  dielectric  constant  of  t,  s  2.9.  The  patch's  diameter  is 
2.6  cm  and  ihr  substrate  is  enclosed  in  a  drcular  cavity  6.292  cm  wide.  This  cavity 
was  recessed  in  alow  cross  section  test  body  for  measurements.  A  comparison  of  the 
measured  and  calculated  input  impedance  is  displayed  in  figure  3(b).  For  brevity, 
the  excellent  ECS  data  comparison  is  not  shown.  The  feed  in  this  case  was  placed 
0.8  cm  from  the  patch's  center  and  it  is  again  seen  that  the  mrasurtments  and  cal¬ 
culations  ate  in  good  agreement.  We  considered  next  the  modeling  of  a  one-arm 
conical  spiral  to  demorstrate  the  geometrical  versatility  of  the  tetrahedral  code.  A 
configuration  of  the  spiral  radiator  and  surface  mesh  is  illustrated  in  figure  4(a)  from 
a  side  riew.  The  top  and  bottom  edges  of  the  strip  forming  the  spiral  follow  the  lines 
p  =  0.0503Aexp(0.22I(d±  2.66)|,  z  =  exp(0.321<A),  where  denote  the 

standard  cylindrical  coordinates,  are  equal  to  0.0832A  and  0.0257A,  respectively, 
and  0  <  d  <  2x.  This  spiral  ana  resides  on  an  inverted  cone  (9.24  cm  tall)  whose 
bottom  cross  section  has  a  diameter  of  1.68  cm  and  the  top  cross  section  has  a 
diameter  of  21.78  cm.  For  our  caiculatioas  A  w  30  cm  and  the  spiral  was  situated  in 
a  drcular  cavity  10.01  cm  deep.  The  computed  £«  radiation  pattern,  using  a  probe 
feed  at  the  cavity  base,  is  given  in  figure  4(b).  It  is  seen  that  the  £«  prindpal  plane 
pattern  is  in  good  agreement  with  the  data  given  in  [5].  However,  the  £#  pattern 
differs  from  the  measured  data  primarily  because  of  the  circular  cavity  included  in 
the  analytical  model.  The  latter  was  not  part  of  the  measurement  configuration 
which  consisted  of  the  spiral  antenna  on  a  large  drcular  plate. 

Cylindrical  Code 

The  cylindrical  code  differs  from  the  tetrahedral  code  primarily  in  terms  of  its  ele¬ 
ments  and  dyadic  Green’s  function.  The  elements  are  circular  shell  elements  such  as 
the  one  shown  in  figure  5.  These  elements,  like  their  tetrahedral  counterparts,  are 
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divcr(inoc  fi'M  in  nccord&acc  with  th«  rcquirarunts  of  the  vector  wnve  equation  and 
hence  no  penalty  function  i*  tequiied.  They  are  alec  edge-based  elements  and  are 
therefore  well  suited  for  electromagnetics  applications  since  they  avoid  specification 
of  a  field  at  geometry  comets  where  a  singularity  might  exist.  The  cylindrical  shell 
dement  shown  in  figure  S  is  most  cioaely  related  to  the  brick  element  and  is  in  fact 
a  member  of  the  general  clau  of  curvilinear  brick  dements.  The  dyadic  Green’s 
function  used  in  this  code  eliminates  the  presence  of  the  magnetic  fidd  on  the  mesh 
boundary  and  requires  a  magnetic  current  with  support  only  over  the  aperture. 
Thus,  the  unknowns  are  associated  with  the  electric  field  within  the  cavity  and  on 
the  aperture.  Although  use  of  such  a  Green’s  function  is  typically  associated  with 
a  large  computational  burden  for  Urge  radius  cylinders,  we  have  found  that  by  em¬ 
ploying  a  high  frequency  asymptotic  evaluation,  we  can  maintain  a  highly  efficient 
code. 

The  cylindrical  code  cnrrently  allows  the  calcuUtion  of  the  RCS.  the  si  -ina 
pattern  and  the  input  impedance  for  cylindrical-rectangular  and  wraparound  an¬ 
tenna  dements.  Of  principal  concern  are  the  radiation  and  scattering  properties 
of  wraparound  antenna  arrays.  Two  types  of  arrays  may  be  constructed:  discrete 
cyliadrieal-tecu.ngular  cavities  and  cylindrical-rectangular  patches  printed  atop  a 
continuous  substrate  ring.  These  two  types  of  wraparound  arrays  are  illustrated  in 
figure  6.  The  scattering  and  radiation  behavior  of  each  of  these  arrays  are  of  inter¬ 
est  to  a  low  observable  antenna  designer  and  are  the  subject  of  a  series  of  papers 
[6,7].  Evidently,  continuous  wr^saround  cavities  support  substrate  modes  which 
dramatically  affect  the  back  lobe  RCS  and  radiation  patterns. 

An  iuteresting  application  of  this  code  is  to  investigate  the  effect  of  curvature 
on  the  resonance  behavior  of  printed  antennas.  The  resonance  characteristics  of  an 
axially  polarised  3.6  cm  x  3.5  cm  patch  antenna  which  is  placed  within  a  14  cm 
X  14  cm  X  0.3175  cm  cavity  filled  with  a  dielectric  substrate  (t,  s  2.17)  it  shown 
in  figure  7.  The  input  impedance  is  alto  strongly  affected  by  curvature  for  ajcially 
polarised  elements  as  shown  in  figure  8. 

This  code  can  currently  model  continuous  and  discrete  wraparound  arrays,  two- 
dUnensioaal  arrays  on  a  cylinder  face,  planar  arrays  ind  elements  which  contain 
lumped  impedaace/shorting  posts.  In  the  near  future,  resistive  card  overlays  will 
be  added  to  the  code  for  RCS  vs.  gain  trade-off  studies  involving  rurvalure. 
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Fifure  5:  Cylindrical  ihell  element. 
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Figure  6:  Illustration  of  two  types  of  arrays:  (a)  wraparound  array;  (b)  discrete 
cavity  array 
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Figure  2:  Archimedean  spiral:  (a)  geometry;  (b)  bistatic  patterns. 
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Ground  puns 


Figure  1 :  Arbitrary  cavity-backed  antenna  element  rreessetj  in  a  ground  plane. 
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Figure  2:  Archimedean  spiral:  (a)  geometry;  (b)  bistatic  patterns. 


210 


SESSION  5: 

BOUNDARY  CONDITIONS 


Chair:  Carey  Rappaport 


211 


COMPARISON  AND  GENERATION 


OF 

HIGHER  ORDER  FDTD  ABSORHNO  BOUNDARIES 


David  Staich  and  Raymond  Luabbart* 
Oapartmant  of  Elaebtcal  Enginearing 
The  Pennsylvania  State  University 
University  PaiV,  PA  16802 


ABSTRACT 

For  application  to  radiation  and  scattering  problems  the  Finite  Difference  Time  Domain  (FDTD) 
method  requires  the  limits  of  the  computation  space  to  approximate  unbounded  free  space. 
Poor  performance  of  this  absorbing  boundary  limits  the  accuracy  which  can  be  obtained  by 
FDTD,  and  may  be  a  source  of  instability.  \Mien  making  an  FDTD  calculation  an  important 
decision  is  the  number  of  cells  to  use  in  the  boundary  layer.  In  this  paper  convergence  tests 
made  by  varying  tlie  size  of  this  boundary  will  be  repotted  for  popular  outer  boundary 
conditions.  Further,  a  new  approach  for  expressing  these  and  other  boundary  conditions  and 
far  obtaining  higher  order  boundary  conditions  from  lovirer  order  ones  will  be  presented. 


I.  INTRODUCTION 

When  the  Finite  Difference  Time  Domain  (FDTD)  method  as  proposed  by  Yae  [1]  is  applied 
to  scattering  and  radiatlan  problem,  the  surfaces  formed  by  the  truncation  of  the  FDTD  cell 
space  must  absorb  the  scattered  or  radiated  fields  for  accurate  results.  This  absorption  is  not 
perfect,  and  the  fields  ratlecteo  back  mio  the  FDTD  space  Introduce  enure.  Better  absorption 
reduces  these  errors.  Absorbing  boundary  conditions  in  common  usr  provide  better  absorption 
as  they  are  moved  farther  from  the  scatterer  or  radiator  since  the  fields  impinging  on  the  outer 
boundary  more  closely  approximate  plane  waves  Incident  at  angles  nearer  to  ttie  surface 
normal.  In  addition,  the  fields  reflected  back  to  the  radiator  or  scatterer  will  be  of  lower 
amplitude  due  to  the  spatial  spreading  of  the  waves.  As  a  practical  matter,  any  of  the  popular 
abwrbing  boundary  conditions  will  provide  accurate  results  if  the  outer  boundaries  are  moved 
far  enough  sway  from  the  radiator  or  scatterer.  But  this  requires  relatively  more  computer 
memory  and  time. 

Many  absorbing  boundaries  have  been  proposed  in  the  literature.  The  most  popular 
ones  are  based  on  the  one-way  wave  equation.  This  assumes  a  wave  incident  on  tho  outer 
boundary  surface,  then  attempts  to  predict  values  of  this  wave  just  outside  the  FDTD  space 
based  on  present  and  past  values  of  the  wave  at  various  locations  near  the  outer  boundary. 
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A  survey  of  vahous  boundary  conditions  is  givan  In  [2],  A  mora  recant  comparison  of  boundary 
conditions  Is  contained  m  [3|. 

In  [4]  ttM  Mur  condition  is  compared  with  other  boundary  condibons  relative  to  the 
distance  from  the  source  to  the  outer  boundary.  In  |S)  It  Is  shown  that  Increasing  the  order  of 
the  absorbing  boundary,  while  improving  pertonnance  for  a  surface  at  Infinity,  may  actually 
degrade  performance  virhen  the  absorbing  surface  is  dose  to  the  scatterer.  But  the  results 
given  In  [4,5]  of  absorption  error  relative  to  distance  again  are  difflcult  to  relate  to  actual  FOTD 
performance,  sinoe  no  corresportdenee  la  given  between  the  boundary  reflections  and  their 
afract  on  quantities  of  actual  Interest  such  as  scattaring  cross  section  or  antanna  currants 

Thore  has  been  discussion  of  the  relailva  stability  of  different  boundary  conditions.  Most 
of  these  have  been  for  two-dimensional  geomelries,  and  have  ussd  an  analytical  approach. 
In  [6]  It  was  shown  that  some  boundary  conditions  are  inherently  unstable.  In  [7]  H  was 
analytically  shown  that  some  boundary  condibons  may  be  unstable  even  if  the  Courant 
condition  Is  sabsfled.  A  more  comptela  discussion  of  stabiitty  was  given  In  (8).  In  [8]  it  was 
demonstrated  that  the  choice  of  discratization  has  a  strong  effect  on  stability. 

Hero  we  have  chosen  to  evaluate  several  rapresantatlva  outar  boundary  conditions 
using  methods  that  relate  directly  to  practical  appileabons  in  electromagnetics.  Four  popular 
FOTO  absorbing  boundary  conditions  wW  bo  compared  fbr  representsUve  gsomelries  in  both 
two  and  three  dimonaians.  The  comparison  wM  be  made  by  observing  convergence  of  FDTD 
results  while  increasing  the  distance  from  the  scatterer  or  radiator  to  tha  outer  boundary.  This 
method  provides  information  on  the  most  important  criteria  in  compahng  absorbing  boundaries, 
that  is,  how  far  must  the  boundary  be  removed  from  the  geomet^  in  order  to  obtain  accurate 
results. 

The  four  boundary  condibons  to  be  compared  are  second  order  Mur  [9], 
Superabsorpbon  [10]  (somebmes  here  referred  to  as  'Super)  applied  to  first  order  Mur,  the 
second  order  Liao  (11)  absorbing  boundary  modified  tor  increased  stability  [12],  and  second 
Order  Higdon  (13, 14]  modifled  for  increased  stability.  Applying  Superabsorption  to  first  order 
Mur  results  In  a  second  order  boundary.  The  stabilized  tOrms  of  Liao  and  Higdon  were  used 
since  It  was  found  that  the  unstsbHized  lonns  were  likely  to  become  unstable  before  typical 
FDTD  radiabon  or  scattering  calcuisbons  were  completed.  All  results  labeled  Liao  and  Higdon 
are  computed  with  stabilized  forms. 

Higher  order  Liao  and  Higdon  boundary  condibons  are  generated  by  forming  products 
or  lower  order  condibons.  In  this  paper  we  show  how  to  express  the  boundary  condibons  In 
a  ooeflldont  matrix.  The  coefficient  matrix  dearly  shows  which  field  values  are  being  used  to 
esbmate  the  boundary  field.  The  coefficient  matricas  for  tower  order  outer  boundarfes  may 
then  be  combined  to  fomn  higher  order  outer  boundary  conditions.  Tha  combinabon  oparabon 
is  straightforwerd  and  simple  to  implement  It  allows  lower  order  boundary  conditions 
opbmized  for  different  incidence  angles  or  wMh  different  stabilizing  loss  tarms  to  bo  combined. 
Evan  dHToront  boundary  conditions  of  different  order  may  be  combined.  For  example,  order 
P  Higdon  could  be  combined  with  order  Q  Liao  to  produce  a  combined  outer  boundary 
condlbon  of  order  P-rQ.  Another  advantage  of  the  coefficient  matrix  notabon  is  that  the 
analytical  plane  wave  reflection  coefficients  are  easily  obtained  using  the  same  procedure 
regardless  of  the  parbcular  boundary  condition  being  considered. 

The  notation  of  Yee  is  used,  with  E''(I,J,K)  conesponding  to  bie  electric  field  at  location 
x=tAx,  y^J^y,  z^KAz  at  time  t^nAt.  The  absorbing  boundary  equabons  are  for  a  z  component 
of  electnc  field  on  the  x^  plane,  that  is,  an  E"(N),  J,K)  component  is  understood  to  be  at 
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x^}.  If  Itw  J  and  K  Indica*  ara  unchangad  in  any  givan  aquation  thay  may  ba  omittad  for 
clarity.  AN  thraa-dimantlonai  calculaHons  use  Ax"qy>Az«1  cm  cubic  FDTO  calls  with  tima  stap 
At«0.01026  ns  which  Is  at  tha  Courant  limit.  All  two^lmansional  calculations  usa  Ax>Ay=0.5 
cm  with  tima  stap  0.0236  ns,  also  at  tha  Courant  limit. 

Tha  far  zona  llalda  and  scattartng  cross  sacilons  usad  In  soma  of  tha  convarganca  tasts 
wars  obiainad  from  tha  naar  zona  fialds  using  the  methods  dascribsd  in  [1S,16|.  The  FOTD 
aquations  ware  implamaniad  m  single  precision,  while  all  absorbing  boundary  calculsilons  ware 
performed  m  double  precision  No  diffaranca  between  single  and  doubla  precision  calculation 
of  tha  boundahaa  was  noted.  For  scattartng  calculations  with  an  incMant  plana  wava,  tha 
scattered  AaM  formulation  of  FDTO  was  usad  (1 7, 1 8],  and  only  scattarad  fields  ware  Inddenl 
on  the  outer  boundaries  fOr  absorption.  However,  for  radiaNon  calculations,  total  fields  ware 
to  ba  absorbed. 


II  MUR  BOUNDARY 

Tha  second  order  Mur  absorbing  condition  at  tha  boundary  x^o  usad  in  lhasa  comparisons  Is 
givan  in  (16)  of  [B].  Since  thiB  absorbing  boundary  utilizes  alectric  field  values  al  different  y  and 
z  (J  and  K)  locations,  it  cannot  ba  used  for  field  values  at  locations  adjacent  to  tha  other  outer 
surfaces.  At  these  locattona  fret  order  Mur  as  given  in  (15)  of  [9],  is  usad. 


III.  SUPERABSORPTION 

For  those  comparisons  Suparabsotption  as  described  in  [1 0)  is  applied  to  first  order  Mur 
so  that  a  direct  comparison  botwaan  tt  and  second  order  Mur  can  ba  made.  Suparabsorption 
can  ba  applied  to  other  boundary  conditions,  so  that  tha  results  of  its  application  to  first  order 
Mur  presented  hare  should  not  ba  taken,  and  is  not  prosantad,  as  a  general  evaluation  of  tha 
method. 


IV.  LIAO  BOUNDARY 

Since  wa  wNI  ba  modifying  lha  Liao  boundary  to  increase  stability,  it  will  ba  discussed  in  more 
dataN.  Tha  Nth  order  Liao  absorbing  boundary  condition  for  an  electric  field  component  located 
on  the  x>IArmO  surface  is  givan  by  (11] 

H  v~i 

wh«r«  th«  first  order  (N^l)  coemcients  ere  given  by 

(2) 


vrith 
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Tu-j(2-i) 
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j  _  cAf  _  1  cAf 

Ax  oai(6p  Ax 
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wh«ri  a  Is  a  constant.  To  kiduda  sffsets  of  dSTtfsrtt  inddsnoa  anglaa  tor  wavai  athklng  ttta 
outarbourtoary  amay  botai(onasttMrsctpracalo(thaooalnaaflholrKMar«aanglaS|,  atosra 
6,  ia  tha  Inctdanoa  angla  on  tha  outar  bouMary  (S^-O  tor  noimai  moidsnos).  For  unHormny  rn 
tha  comparisons,  and  to  IlmilttMnumbar  of  ptoia,  Is  uaad  tor  an  calculatlana  In  ttos  papar 


For  highsr  ordar  impiamantationa  tha  additional  coafltdanta  can  ba  obtamad  from 
tha  racuraion  ratation 
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w 
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Tha  torm  of  tha  Liao  boundary  givan  hara  «  sHghily  diftorartt  than  in  [1 1  ],  and  it  wnptar 
to  knpiamant.  An  axoaiiantditcussion  of  tha  Uao  absorbing  boundary  la  givan  in  [i  9)  Thara 
It  no  dtfflcuity  at  adgaa  and  In  comart  tinea  tha  J.K  vaiuat  ara  uiwhsrtgad  tor  ai  larmt 
Tha  ma|or  dHttoilty  with  applying  tha  Liao  absorbing  boundary  as  given  above  la  that 
it  tanda  to  be  unstable  in  many  titustlont.  Conditiont  that  may  cauia  bistability  induda 
locating  tha  outar  boundary  dose  to  tha  gaomatry,  calcutatlng  many  tima  steps,  and  indudbig 
dbNactiicormagrialicmaterialtbtthagaomalry.  For  this  reason  a  modtflcatton  to  tha  origbisl 
Liao  abtorbtog  boundary  has  bean  proposed  [12].  In  this  modWeatton  aquabon  (2)  baoomat 

T;,.S^4p2l  f7) 

whars  Incrasting  d  from  zero  corraaponds  to  bitrodudrig  anargy  lots  bi  lha  calculation.  Larger 
vaiuat  of  d  provide  toersased  ttabiHty.  but  at  the  expansa  of  bicraaabig  raflacbona  from  tha 
boundary.  For  all  calculaliona  to  this  paper  a  vaba  of  iM).0075  was  used.  This  vahja  was 
oblabiad  ampbicaily  ftom  calculations  tor  a  vartaty  of  dbtorant  gaomabias  arid  total  tbna  ttapt 
Theta  bidicata  that  for  calcuiationt  involving  raiativoly  tow  tbna  Mopa,  or  with  tha  outer 
boundary  relatively  far  from  the  obfset.  d  can  ba  dacreaaad  witheut  totbig  stability. 
Convertaly,  calcuiationt  with  large  number  of  time  ttept  or  with  lha  outar  boundary  dote  to 
the  obiect  tend  to  require  larger  vaiuat  of  d  for  ttabAty. 
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V  HIGDON  BOUNDARY 


HIgcion's  boundary  condition  hat  baan  givan  in  a  loulats  form  113] 


and  wKh  addad  lou  [14] 


whara  N  is  tha  ordar,  tha  6^  ara  tha  plana  wava  incidenoa  anglat,  and  the  2  0  are  loss  terris 
that  may  ba  used  to  incraaaa  atability.  They  may  alao  ha  uaad  to  incraate  absorption  of 
raacUva  fMda  [20], 

Equaticna  (8)  and  (9)  can  ba  ditcratizad  in  different  ways.  With  d  >0  and  N=1.  (8)  is 
aquivalant  to  (10)  of  (9)  which  yMds  tha  ilrat  ordar  Mur  abaorbinc  boundary.  We  can  thus 
diacradzo  (8)  to  ba  Mantical  with  flrat  ordar  Mur.  Adding  the  Hicidanca  angle  dependence  and 
atabiiizing  loss  we  obtain  first  order  stabiHzad  Higdon  aa 


(C**'  (W4)  -  £*(WJt))  (10) 

acai  ^  oJC 

Where  o  is  a  small  positive  number  which  ^corresponds  (at  with  the  Liao  boundary)  to  an 
energy  lost  and  a  is  a  oonatant  rtlatad  to  tha  assumed  mddenco  angle  on  the  outer  boundary 
aa  defined  in  (5).  Again,  there  are  various  ways  of  adding  Ihe  stabilizing  loss.  The  approach 
used  here  is  simpia,  and  providas  good  stability  and  absorption.  For  all  calculabons  stabilized 
Higdon  Is  used  with  d«0.00S.  The  parameter  a  remains  equal  to  one  in  all  cases. 

The  next  step  Is  to  c^dand  (10)  to  higher  orders  based  on  (8).  In  order  to  do  this 
efficiently  wa  introduce  a  coefficient  matrix  notation  in  tha  following  section. 


VI.  COEFFICIENT  MATRIX  METHOD 

Implementing  soma  types  of  higher  order  bourxlaiy  conditions  is  greatly  simplitied  by  use  of 
a  coefficient  matrix  which  relates  each  multiplytng  coefficient  to  the  particular  elecihc  (or 
magnetic)  field  term  it  multiplies.  It  is  a  matrix  notation,  but  to  generate  higher  order  boundary 
conditions  the  matrices  combine  in  a  operational  way,  not  by  usual  matrix  multiplication  Tne 
combinatian  process  is  straightforward. 

To  start  wa  consider  locating  electric  (or  magnetic)  field  quantities  in  space  and  time  in 
the  vicinity  of  the  outer  boundary  field  location  of  intarast  in  the  following  matrix  arrangement: 
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(E) 


£-'(V4) 

£■  «VJO  £*  (WJD  (VJO 

£-‘((W40  £*'‘{WJt)  £’-'(V.fl 


(11) 


Tna  •Iteiflc  (or  magnetic)  Mda  aro  arrangad  m  poattion  hoitzontally,  and  in  tima  vartcally. 

An  analogy  axiata  with  a  ayatam  of  llnaar  aquationa,  but  Inataad  of  tha  unknown  linear 
aquation  variabiaa,  wa  have  tha  known  valuaa  of  electric  fialda  ptua  the  one  unknown 
boundary  tMd  in  the  upper  left  comer  of  tha  matrix.  Tha  matrix  will  be  large  enough  to  contain 
all  the  electric  field  terma  included  in  a  given  boundary  condition,  which  will  depend  on  the 
particular  boui  dary  condition  and  Ha  order.  For  example,  for  firat  order  Mur  only  the  four  lenns 
in  the  upper  led  comer  are  included  in  the  matrix,  aince  firat  order  Mur  does  not  involve  any 
other  electric  fields. 

Any  absorbing  boundary  condition  that  operates  on  field  terms  with  the  same  J.K 
paaitkNial  locatlona  can  be  put  in  this  form  vary  easily.  This  indudea  all  the  boundary 
oondHiona  oonaMerod  here  except  fOr  second  order  Mur.  Forms  such  as  second  order  Mur 
which  operate  on  muHple  spatial  dimensions  can  also  bo  put  in  coeffident  mathx  notation,  but 
the  ooefRdent  matrix  will  have  additional  dimenaions  correspondirig  to  transverse  field 
variations.  This  can  be  quite  simply  accommodated  In  calculations  by  dedahng  an  anay  with 
sufficient  dimensions  for  each  spatial  variation  plus  one  for  the  time  variation. 

First  order  Liao  has  a  coeflldent  matrix  given  by 


(12) 


The  stablHzod  form  of  first  order  Liao  is  obtained  merely  by  substituting  y,’,  for  r„ . 
First  order  stabilized  Higdon  has  a  coefficient  matrix 


W-0 


(13) 


where  b,  •  —I 


ii.cAt'Ax 


and  d,  I:  the  stabilizing  faefor.  With  a|=l  and  d.-O  first  order  Higdon 

as  implemented  here  is  identical  with  first  order  Mur. 

One  edvantage  of  this  coafTidant  matrix  notation  is  that  the  tenns  being  used  to 
estimate  the  outsr  boundary  electric  field  are  dearly  shown.  For  example,  both  first  order  Mur 
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and  first  ordsr  Higdon  opanta  on  the  cutrant  tima  aiactric  field  one  position  Into  the  space, 
plus  past  tima  elactric  fields  at  tha  boundary  and  at  one  position  in.  First  ordar  Liao  operates 
only  on  pest  values  of  eleotric  field,  but  goss  oim  field  lortation  further  Into  tha  FDTO  space. 

Vi^llo  useful  In  this  <eay,  the  real  advantage  of  this  coefficient  matrix  notation  is  in 
ganeratiRg  higher  order  boundary  conditions  from  lower  order  ones.  This  is  most  clearly  saan 
from  considehng  the  product  notation  aquations  (8)  and  (9).  These  equations  deahy  state  that 
higher  order  absorbing  boundary  conditions  are  to  be  obtained  by  forming  products  of  lower 
ordar  ones.  The  combination  process  involves  multiplying  and  shifting.  A  gsnersi  definition  of 
this  operation  process  on  the  coefficient  matrices  can  be  given  as  follows.  Consider  two 
different  coeffldeRt  matrices  for  two  diffarettf  outer  braindary  conditions.  The  first  is  given  by 


0^ 

'«gi 

"  ** 

"it 

< 

- 

~ 

** 

•• 

.«  V. 

“'.ft, 

(M) 


and  a  corresponding  matrix  is  defined  similarly.  Each  by  itself  defines  an  cuter 

boundary  condition.  We  wish  to  obtain  tha  combined  higher  order  boundary  condition.  Let  the 
resulting  coefficient  matrix  be  defined  as  A(p/i)  ■  The  combinaiion  process  will  yield  temns  inA(p^) 
with  indicos  p=0,1,2,...(P,-rPj)  and  q*0,1,2,...(Q,+Q2).  Each  term  in  this  coeffident  matrix  is 
given  by 


1i<  A-o  h"* 


(15) 


where  the  Kronecker  delta  is  defined  as 


Equsbon  (15)  provides  the  shift  combinations  necessary  to  generate  each  term  of  the 
combined  coefficient  matrix.  This  process  conosponds  to  the  product  combinations  given  in 
equations  (8)  and  (9). 

For  example,  consider  generating  second  order  Higdon  from  two  first  order  Higdon 
coefficient  matrices  as  given  in  (13).  Each  of  the  first  order  Higdon  coeffident  matrices  could 
havadifferentaanddteims,  which  is  allowed  for  by  having  subscripts  1  and  2.  Applying  (15), 
the  coelficienl  matrix  for  second  order  Higdon  is 
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(17) 


-1  -bA 

-*,6,  b^(i-d,)*bsi'd,) 


Third  ordar  Higdon  can  ba  ganaratad  by  applying  (IS)  to  cotnbina  (17)  with  first  ordar  HIjdon 
of  (13).  Tha  prooaaa  can  be  repeated  to  ganerata  Higdon  boundary  conditions  of  arbitrary 
ordar. 

While  not  axpNdtly  elasrfixtm  tha  statement  of  tha  Uao  boundary  oondWon,  higher  order 
Liao  boundary  conditions  can  also  ba  ganantad  using  this  approach.  For  axampie,  by 
applying  (15)  arith  both  ooeffidant  matrices  A,  and  A,  given  by  (12),  lha  coafflciant  matrix  for 
second  ordar  Liao  is  obtained  as 


'  -1 

0 

0  0 

0  ' 

0 

0 

(18) 


While  dWarant  in  appaarance,  this  result  is  exactly  aquivalani  to  tha  Liao  boundary  condition 
axprassionB  givan  in  Section  iV  for  N>2.  Note  that  equation  (6)  is  not  needed  to  generate 
higher  order  Liao  boundary  conditions  v<han  using  tha  coefficient  matrix  approach  First  ordar 
Liao  is  directty  axtaridad  to  second  order  Liao,  and  than  to  third  or  higher  order  by  combining 
coafflciant  matrices. 

Tha  resuti  given  in  (18)  assumes  that  both  first  ordar  Liao  coafficiant  matricas  use  the 
Sima  values  of  a  (and  d  If  tha  siabilizad  form  is  used).  But  the  coafflciant  matrix  combination 
operations  used  to  obtain  (18)  win  work  just  as  wall  if  tha  T^  terms  for  the  diflarant  first  ordar 
Liao  coafficiant  miMricaa  use  diflarant  values  of  a  andtor  d.  So  that  designing  higher  ordar 
absorbing  boundary  conditions  with  dWarent  contributing  orders  optimizad  for  different 
inddanca  angles  used  to  computa  the  a  parameter  end  with  different  loss  factors  d  is  quite 
simple  using  this  approach. 

Furtharmore,  Liao  and  Higdon  (or  any  other  boundary  condition  that  can  be  expressed 
in  coafficiant  matnx  notation)  can  ba  combined  together.  For  example,  coefficient  matrices  for 
first  ordar  Liao  and  first  order  Higdon  could  be  combined  to  give  a  second  ordar  boundary 
condition  that  would  oombina  the  features  of  both.  If  tramverae  directions  are  included  in  the 
coafficiont  matrix  by  adding  additional  dimansions,  this  procedure  allovrs  boundary  conditions 
involving  transvarsa  directions  to  bo  combinod.  For  exampla,  a  sacond  o>der  Mur  boundary 
could  ba  oombinad  wKh  an  ordar  P  Liao  boundary  to  create  a  (Fm-2)  ordar  Mirr<Llao  boundary 
condition. 


VII.  THREE-DIMENSIONAL  CONVERGENCE 

In  this  saction  an  exampla  comparison  between  tha  boundary  conditions  is  made  tor  thraa- 
dimansional  calculations  This  exampla  is  wide  band  scattering  from  a  flat  conducting  plate. 
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Th«  plit*  ii  40  X  40  cm,  and  !■  eantarad  in  the  FDTD  space  and  perpendicular  (o  the  z 
coordinate  axis.  The  incidonoa  angle  is  0*45,  ^0,  which  puts  the  back  and  forward  scatter 
into  an  edge  of  the  FDTD  apace,  but  not  into  a  comer.  Results  are  shown  In  Figures  1-4.  Mur 
has  not  convarged  even  with  a  40  call  border,  Super  has  converged  with  a  30  cell  border  and 
almost  con-verged  with  20  ceils,  and  Liao  and  Higdon  have  very  nearly  convarged  with  a  20 
call  border. 

This  three  dimenslonaf  example  is  chosen  as  a  representative  sat  from  a  large  collection 
of  simlar  calculations.  They  indicate  that  fOr  three  dimensions  the  Super,  Uao  and  Higdon 
boundaries  perform  much  better  than  Mur,  with  Uao  and  Higdon  perhaps  slightly  better  than 
Super  for  dose  boundarlea,  and  with  Uao  and  Higdon  providing  almost  Idantieal  convergence 
results.  VWiile  not  iTidudod  here,  all  boundary  condilions  convergad  to  idant-cal  resulis  for  all 
teat  cases  If  the  outer  boimdary  was  located  at  a  aufllcient  distance  from  the  geometry.  Mur 
war  the  only  exception,  and  only  for  geometries  where  convergence  still  had  not  been  obtained 
for  boundary  distances  at  the  limit  of  available  computer  memory.  We  now  proceed  to  a 
comparison  in  two  dimensions. 


Vlli.  TWO-OIMEKSIONAL  CONVERGENCE 

Virile  Iwo-dimensionai  FDTD  calculations  have  somewhat  limitatl  application,  they  may  be 
u-^eful  in  certain  situations.  We  therefore  irtduda  one  two-dimensional  compariscn,  a  perfectly 
conducting  droular  cylinder.  For  this  calculation  the  cybider  has  a  0.25  m  radius,  so  that  with 
0.5  cm  square  FDTD  cells  tfte  cylindar  diameter  is  100  cells.  Staircase  errors  are  not  a  factor 
in  the  comparison,  since  they  will  be  the  same  for  ail  four  boundary  conditions.  The  excitation 
is  a  pulsed  plane  wave  incident  from  4a4S  degrees. 

Figures  5-8  show  the  far  zona  backscatter  fOr  the  four  boundary  conditions  for  vanous 
borders  between  the  cylinder  arxl  outer  boundary.  The  advantages  of  Super,  Liao  and  Higdon 
over  Mur  are  even  more  striking  than  for  the  three  dimensional  calculations  considered  in  the 
previous  section.  This  may  be  due  to  the  necessity  of  using  first  order  Mur  in  comers,  but 
there  may  also  be  more  fundamenta!  shortcomings  whh  Mur  in  two  dimensions.  While  Super, 
Liao  and  Higdon  have  convergad  reaeonably  weM  with  a  30  call  border,  the  Mur  results  have 
not  converged  even  with  e  250  cell  border.  The  Uao  and  Higdon  results  for  small  borders  are 
siighlly  better  than  Super,  etpadally  at  low  ftequandas. 


DC.  ANALYTICAL  REFLECTION  COEFFICIENTS 

Additional  kiaight  into  ttie  parfoimanoa  of  thaee  outer  boundary  conditions  may  be  gained  by 
conaideration  of  analytically-datarmiiMd  reflaciicp  rnetncionls.  Following  the  approach  of  [22], 
it  is  very  simple  to  determine  the  analytical  reflection  coeflldents  using  the  coefficient  matrlcas 
presented  fo  Se^-Zion  VI.  For  simplicity  we  assume  that  the  boundary  condition  can  be 
specifkid  using  a  two-dimensional  co^cierit  matrix  operating  on  time  and  one  spatial 
dimension.  For  a  general  coefficient  matrix  with  indices  p=0,1,2,...P  and  q=0,1 ,2,...Q, 
we  can  express  the  operation  of  ttiis  matrix  on  the  electric  field  quantities  of  (1 1 }  explicitly  as 
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£  f;  (19) 

!•« 

Equation  <1 9)  spaciRas  a  particular  absorbing  outer  boundary  as  datarminad  by  me  cAafficients 
of  me  A(p4)  matrix.  If  diffarant  J  or  K  values  of  electric  fields  are  used  in  me  boundary 
conditions,  as  in  second  order  Mur  for  example,  this  can  be  included  by  adding  additional 
dimensions  to  me  A(p4)  matrix  and  adding  mote  summations. 

Following  me  approach  in  [22]  we  can  then  obtain  the  reflection  coefficient  R  as 

(20) 

‘-S, 

where 


x-o  f'e 
and 

X-0  «< 

and  where  in  (21)  and  (22)  me  term  corresponding  to  p  and  q  simultaneously  equal  0  is  not 
Included.  Once  the  coefficient  matrix  for  a  particular  absorbing  boundary  is  determined,  the 
plane  wave  reflection  coefficient  can  bo  obtained  aaaily.  Additional  eummabons  can  be  added 
to  (21)  and  (22)  to  include  electftc  field  values  wHh  different  J  or  K  indices. 

Using  mis  resutt,  calculations  of  analylical  reflection  coefficients  for  me  boundary 
conditions  considered  in  the  previous  comparlMns  have  been  made.  These  calculations  are 
made  for  the  same  outer  boundary  parameters  used  in  the  convergence  comparisons.  The 
incidence  parameter  s  s1 ,  md  the  loss  tenn  renains  d«0.0075 for  stabilized  Uao  and  d>0.005 
for  stabilized  Higdon.  The  calculation:  are  for  a  mree-dimensional  FDTT)  space.  Example 
results  are  shown  in  Figure  9  for  FOTD  cells  size  corresponding  to  10  per  wavelengm.  The 
behavior  of  the  stabilized  and  unstabMized  Liao  and  Higdon  boundaries  are  quKe  sInRilar.  The 
deep  null  in  the  unstabiKzod  versions  is  softened  wtth  stabilizatiort.  Bom  Liao  and  Higdon  are 
significantly  better  then  Mur  and  Super  at  inddence  angles  near  normal,  omar  calculations 
of  analylical  reflection  coefficients  indicate  mat  they  are  a  reasonable  indicabon  of  performance 
at  high  frequencies,  where  mere  are  many  celts  per  wavelengm.  But  at  lower  frequencies, 
where  me  outer  boundaries  are  near  me  target  (as  measured  In  wavelengths)  are  are 
interacting  wtm  reactive  fields,  me  analytical  reflection  coefficients  do  not  provide  a  reliable 
Indication  of  absorbing  boundary  performance. 
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X.  SUMMARY  AND  CONCLUSIONS 

Pour  absorbing  outer  boundary  condHioni  popular  amoitg  PDTD  users  have  been  compared. 
The  four  boundary  conditions  are  second  order  Mur,  Superabsorption  applied  to  first  order  Mur 
(which  is  then  of  second  order),  and  stabilized  forms  of  the  second  order  Liao  and  Higdon 
boundary  condition.  The  three-dimensional  comparisons  indicate  that  Superabsorption, 
stabilized  Liao  artd  stabilized  Higdon  provided  significant  improvement  over  the  Mur  condition. 
In  mostthrae-dlmensioiwl  oompadsons  etabilizad  Liao  and  Higdon  performed  nearly  identically, 
with  both  of  these  cortverging  somewhat  faster  than  Superabsorpbon.  The  two-dimensional 
oompariaon  indicato  that  Superabsorption,  stabilized  Liao  and  stabilized  Higdon  provide  even 
more  of  an  improvement  over  the  Mur  condition  than  for  three  dimensions,  again  with  Liao  and 
Higdon  providing  slightly  hsitter  performance. 

Analytical  calculalians  of  plane  wave  reflection  coefficients  for  the  outer  boundary 
oondifiona,  including  stabilization  loss,  were  presented.  These  showed  the  effects  of  adding 
stabilizing  loss  to  Uao  and  Higdon  boundary  conditions. 

These  results  are  presented  to  provide  informclion  for  FDTD  users  faced  with  choosing 
an  outer  bounoary  condition  and  determining  the  size  of  the  free  space  border  region.  They 
are  not  an  exhaustiva  evaluatian  of  the  Superabsoiption  method  or  of  the  stabilized  Liao  and 
Higdon  oondifiona.  Suparebsorpiion  may  be  applied  to  many  different  boundary  conditions, 
and  our  reaulta  are  sp^c  to  tts  epplieabon  to  first  order  Mur  as  described.  These  resuHs 
strongly  incNcata  that  the  Suparabaorpfion  method  is  valuabie,  since  applying  Superabsorption 
to  first  order  Mur  provided  much  more  absorption  than  second  order  Mur. 

Similarty,  Liao  and  Higdon  may  be  stabilized  using  different  values  of  the  stabilizing 
factor  or  using  diffarent  values  of  e .  However,  unless  extreme  stability  is  required  for 
celcuiaticrns  which  induda  unusually  large  numbers  of  time  steps  (hundreds  of  thousands  or 
more)  the  second  order  Mur  absorbing  boundary  is  not  the  optimum  choice.  It  requires 
significantly  more  border  space  in  three  dimentiona  than  other  boundary  conditions,  and 
peilbmie  vary  poorly  In  two-dimensionet  appiicationa. 

To  aid  in  the  generation  of  higher  order  boundary  conditions,  a  coeffident  matrix 
notalian  was  Introduced.  The  coefficient  matrix  notation  alto  allows  a  general  impismeniation 
of  absorbing  bovstdaries,  ao  that  changing  from  Liao  to  Higdon,  for  example,  requireii  only 
changing  the  flrat  order  coefficient  matrix  entries.  The  analytical  raflacbon  coeffidants  are  also 
obtainad  in  a  simple  and  straighlfoiward  way  from  the  ooeffidant  matrix. 
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Figure  1 


Figure  2;  Farzone  backicatter  coavergec  e  for  40cm  x  40cin  conducting  plate  uaing  Super  ORBC. 


Figure  3;  Fu2one  bukicmtter  convergence  for  40cm  x  40cm  conducting  plate  uaing  itabUted  2nd  Order  Liao  ORBC. 


Figure  4;  Furzooe  baclucatter  coovergeace  for  40<un  x40cm  coaductiug  plete  using  gtablized  2nd  Order  Higdon  ORBC. 


Figute  Ftnoae  bmckactUet  ctmmtgtact  for  40m  x  4Pm  eoiMtiictiiig  pUit  ntiiig  fttUmd  htd  Order  Higilaii  0R6C. 


2nd  Order  Liao  Backscatter  Convergence  Tfeat  for  PEC  Cylinder,  TE^ 
Polarization—  ^  Incidence  Angle:  ^  =  45*  Radius:  0.25m 


SOH 
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Figure  7;  Farzone  backacatter  cooveigeace  for  40cm  x40cm  conductiDg  plate  using  stablized  2Dd  Order  Higdon  ORBC. 


2nd  Order  Higdon  Backscatter  Convergence  TVat  for  PEC  Cylinder,  TE, 
Polarization=  i  Incidence  Anirle:  6  =  45‘  Radius:  0.2Sin 


figure  8:  Fuione  beckiutter  convergence  for  40em  x  40c!m  conducting  plate  iiiiug  alcblized  2nd  Order  Higdon  ORBC. 


Magnitude  of  Heflection  Coeffident  vs.  Incidence  Angle 
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Adaptive  Absorbing  Boundary  Conditions 
in  Finite  Difference  Time  Domain  Applications 
for  EMI  Simulations 


Bruce  Aicfasnbeeult  and  Orui  M.  Ramahi 
Difinl  Eqmpiaem  Coiponiion 
M^niBd.MA  017S4 


ABSTRACT 

AlMOrbiag  bowuUr}  conditiaa  (ABC)  are  typicall;  coaatrueltd  to  annihilate  waves  im- 
yiingin^  on  the  mesh  trancating  boandary  at,  or  ckite  to,  normal  inciacnce.  These  ABCs  give 
saflkitat  aeearacj  provided  thad  the  tnmcaiioB  boandary  is  chosen  far  frop-,  the  source  or 
acattercr,  tlM  compatatioa  (aaiag  finite  element  or  finite  difference  methods)  very  ex¬ 

pensive.  This  paper  paeaenta  an  aHamative  formulation  to  A'BCs  by  opChnizinK  the  botmdary 
condition  at  each  boandary  cell  for  the  U^msi  likeiy  dtaedioa  of  in^ence.  The  adaptation  of 
the  new  ABC  to  the  Finite  Difference  Time  Domain  (EDTD)  solution  is  simple  and  effective. 

runtRODUcnoN 

Absorbing  Boundary  Condinons  (ABCs)  have  been  widely  used  in  Finite  Difference  Tiitte  Do¬ 
main  tbuiu)  and  Finiie  Bemem  (FE)  modeling  of  open  region  scatteiing  problems  and  microwave 
ctream.  Several  pqiers  have  been  pobiisbed  erpisminy  and  comparing  the  perfomiance  of  a  number 
of  diSeien:  ABO.  The  basic  opeiatiaa  of  diese  abatnbing  boundary  coupons  is  to  simulate  free 
apace,  that  ia,  absosb  all  decnomagnetic  waves  as  if  there  was  an  infinite  amount  of  fiee  space  in 
pLvee  of  the  ABC.  Theae  booudaiy  coodkioos  ate  enforced  along  the  boundary  of  the  compotauonal 
domain  that  is  used  to  imncKe  the  finie  diffetcoce  grid  and  are  usually  derived  with  the  assuiqrtion 
that  waves  impinge  on  the  boundary  at  angles  equal  to  or  dose  to  normal  iocidenee. 

To  coantuci  the  perfect  absotbing  boundary  condition,  two  major  consideiaiions  ate  in  order 
(1)  The  boundary  condition  hat  to  afaeoib  waves  impinging  on  the  boundary  fron  lU  direebans  simul- 
taneously,  and  (2)  The  boendaty  opeiator  must  ibs^  waves  that  are  both  evtsiescent  rod  trsveiing  at 
the  saoe  thne  (evacsoera  waves  typically  east  in  the  near  field.)  To  consmiei  a  boruidaty  operator 
that  addieaaet(l)  is  thenteticallypottibie  but  would  require  extensive  compoter  ntemoiy  and  calorla- 
tious  to  be  performed  it  etcb  boendaty  cell,  not  to  mentioo  the  possibility  of  nnsuble  solutions.  The 
cotmtuedon  of  boundary  operoion  to  accommodate  (2)  is  possible  but  comes  at  a  considerable  cost 
and  complexity  in  code  development  time  and  code  execution  time.  To  the  knowledge  of  the  authors, 
the  Lindman  absorbing  boundary  condition  [1]  is  the  only  ABC  that  has  the  poceiuial  of  effectively 
widi  evotescent  and  eaveling  waves,  but  involves  considerable  compuiational  conqilexity  and 
can  be  veiy  expmsive  to  implemeiit. 
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Fat  «n  ouportant  eU»  of  electnouineiic  ndiaiaa  piaUems  tucfa  is  ihoae  aiising  in  Bectro- 
magnetic  Inerfeieace  (EMI)  ^iplicanons,  a  large  dynamic  range  is  critical  to  allow  accume  piedic- 
Don  of  radiotiaa  bam  shielded  anuctDiei.  Typical  ABCs  can  produce  reflections  on  the  order  of  -dO 
dB  lelanve  to  the  incident  poise  amplitude,  tius  level  of  accuracy  in  the  boundary  conditions  is  usu¬ 
ally  sufficietu  for  clasrv-jtl  scattering  appiicatica!:.  However,  for  EMI  applicabons  higher  accuracy  is 
needed.  It  is  rmportaiu  to  note  that  this  limitabon  on  the  accuracy  cannot  be  lifted  even  if  the  outer 
Utundary  is  receded  further  by  increasing  the  coir^tabonal  domain,  since  waves  still  impinge  on  the 
boundary  at  angles  that  deviate  appreciably  &nm  normal  incidence. 

In  this  worit,  we  made  use  of  die  flexibility  inhetent  in  the  FDTD  method  to  minimixe  the  re¬ 
flections  anting  from  the  use  of  the  ABC.  This  was  poasibk  by  adqidng  the  ABC  to  the  wave's  mosi 
likely  ditecbon  of  incidenoe  tl  each  of  the  boundary  cells.  For  the  qiecial  class  of  radiabon  problems 
such  as  in  EMI,  the  source  is  typically  localiaed  which  allows  a  good  picdiciiaa  of  the  angles  the  inci- 
dent  waves  make  with  the  boundary.  Since  die  ABC  is  adapted  to  a  single  wave  (at  each  boundary 
cell.)  one  can  get  optimal  results  by  using  an  exaa  boundary  coodiiion,  or  more  accurately,  an  adap- 
nve  absorbing  boundary  candiboa  (AABC). 

FORMULATION 

There  are  several  ways  in  which  one  can  consma  an  ad^ve  absorbing  boundity  ccndibon. 
In  this  work,  the  formnlatioa  is  based  on  the  Liao’s  absorbing  boundary  condhiOD  [2]  which  has  the 
advamages  that  first,  it  is  readily  ad^xable  to  the  FDTD  gr^  and,  second,  it  gnaimtees  stability  for  a 
wide  range  of  incident  angles. 

The  Liao's  N***  absorbing  boundary  condibon  can  be  written  as  [3] 

^Ct.t  +  dt)  -  ^(-l)'*‘cf^*-/cdt,/-  0-  Ddl) 

J-l 


where 


Cf -Nl/DlW-/)!] 

^  is  die  field  value  and  dr  is  the  time  step  used  in  the  FDTD  solution.  Notice  that  the  field  values 
involved  in  the  absorbing  boundary  condibon  ate  not  necessarily  evaluated  at  the  FDTD  grid.  To  ex¬ 
press  the  boundary  cuoAtion  in  terms  of  field  values  available  at  the  FDTD  giiiL  quadiauc  imetpola- 
bonisnaed.  For  instanee,^x-cdtt)  is  expressed  in  terms  of  the  field  at  the  boundary  point  x  as 

P(x-cdt,r)  =  +  s(2-j)^^(z)  + 

where 

p7(x)  .  p(x-  <i-  i)di.t-  fin-  mu 
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Tbe  liao’s  ABC  u  given  above  ii  apdniized  for  nonnol  incidenoe,  in  the  sense  that  nys  hitting 
the  boondaiy  at  noiinal  inddenoe  would  te  can^rietely  abaoited.  To  optimize  the  Liao's  ABC  for 
each  cell  lying  on  the  lattice  tiuncation  boundary,  we  will  make  the  assumption  that  only  one  lay  hits 
the  bonndaty.  Define  6  to  be  the  angle  tbe  assumed  incident  ray  makes  with  the  nortnal  direction  at  a 
patncolar  boundaiy  cell.  To  optimize  the  boundary  condition  for  each  boundary  cell,  the  wave  speed 
is  modified  by  die  assumed  angle  of  inddence  6  as 

Tbe  absofiring  boondaiy  rondhion  applied  at  each  boundary  cell  will  then  be 


^{-l/*’'cf^-/c,di.r-  U-  mr) 


It  is  impottam  to  keep  in  mind  that  tbe  full  soongth  of  the  adaptive  absorbing  boundary  cordi- 
tkn  is  realized  when  the  sotnee  is  localized  in  space  which  gives  riae  to  a  single  ray  hiiting  each 
boundary  cell  (asaoming  the  mmeadan  boundaiy  is  outside  the  near  field  legion.)  In  EMI  problems 
involvinf  ladiatiaD  tfarongta  a  single  slot,  the  slot  width  nr  area  is  typically  small  coitipaied  to  the  size 
of  the  oompntariimal  boandiiy  and  to  the  diitmoe  from  the  slot  to  ^  laniee  truncation  boundaiy.  In 
such  ptoblenis,  tbe  moat  appnipriate  choice  for  the  cener  of  tbe  localized  source,  for  the  purpose  of 
cnfotcing  the  additive  abaorfaing  boundary  condition,  will  be  die  geometric  center  of  the  slot.  For 
proUexns  wbeie  imdziple  slots  of  equal  or  similar  widtfas/area  exist,  h  was  found,  as  can  be  seen  from 
dK  nmnerical  icaolts  ptesemed  belm,  that  if  the  center  of  the  localized  source  was  taken  as  the  geo¬ 
metric  center  of  the  points  defining  the  oeutas  of  tbe  slots,  then  the  AABC  still  gives  an  appreciable 
iiupioveuient  over  ABC  Hnally.  for  cases  where  some  slots  are  larger  in  size  than  otfaers,  it  is  rec¬ 
ommended  diat  the  choice  for  the  center  of  the  localized  source  should  be  made  such  that  it  will  bias 
the  slots  with  laiger  sizes. 


NUMERICAL  RESULTS 

Two  repteientitive  exaiqdes  were  studied  to  show  the  efiecDveness  of  using  the  adaptive  ab¬ 
sorbing  boundaiy  oonditions  in  FDTD  sointioDS.  In  the  fiist  example,  w:  ooosHeied  the  two- 
dimensimial  problem  of  radiation  Ifaitngb  an  0.01m  wide  apemue  in  ai  infiniie  perfectly  conducting 
groond  icoeen.  The  geometiy  of  the  protdem  is  shown  in  Fig.  1.  The  time  step  used  in  the  FDTD 
sohnian  is  At  w  236  ps  md  tbe  grid  size  used  was  Ax  w  Ay  w  O.OOlm.  The  source  exdtstion  fimetion 
is  tbe  derivative  of  a  Ganstian  pulse  of  width  32  Ac  Since  the  iniuest  lies  in  finding  die  radiation 
levels  outside  the  source  regian,  tbe  optimal  choice  for  the  localized  source  for  the  purpose  of  iqiply- 
ing  the  AABC,  is  chosen  to  be  the  center  of  the  qieiTuie  as  shown  in  Fig.  1 .  The  electric  field  (E,)  at 
the  observation  poim  is  shown  in  Fig.  2  as  calculated  using  tbe  FDTD  method  for  both  cases  using  the 
ABC  and  AABC.  Since  the  field  contribution  a  the  observation  poiiu  is  coming  from  two  lay-Uke 
waves,  the  first  coming  dmugh  a  diiea  path  fiom  the  localized  source,  and  the  second  is  the  reflec- 
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tion  from  the  side  tnmeiiian  baandnies.  The  results  shown  in  Fig.  2  clesily  demonstrate  tbit  the 
AABC  has  significantly  reduced  die  effea  of  die  second  ray. 

The  second  exanijile  employed  the  geometry  and  PHTD  paratioeieis  used  above,  but  two  aper- 
imes  were  added,  Each  of  the  dm  qiennies  has  a  width  of  O.Olm.  and  the  separation  between  them 
is  O.Olm,  as  shown  in  Fig.  3.  In  this  case,  the  field  contribution  at  the  observation  point  is  expected  to 
come  finm  several  ray-like  waves  emanating  fiom  the  three  apenutes,  thus  resulting  in  an  efiective 
source  which  is  mote  distributed  over  the  conducting  screen  than  wfaat  was  experienced  in  the  first 
ea ample  (aee  Fig.  1.)  The  optimal  choice  for  the  localized  source  will  be  again  at  the  center  of  the 
duee  apenutes  as  shown  in  Fig.  3.  Nutneiical  lesohs  using  the  FETTD  method  iie  shown  in  Fig.  4, 
which,  deipiiB  the  eniatenee  of  a  distributed  sonice,  Le.,  the  three  hoygens'  sources  at  the  three  ^er- 
tutes,  die  AABC  perfbimed  ^ipredably  better  tiian  the  ABC. 

CONCLUSION 

This  walk  presented  an  alternative  fotmulatioa  to  ABCs  for  cenain  class  of  radiation  problems 
having  localized  sources  or  sources  distributed  over  a  small  region.  By  optimizing  the  boundary  con¬ 
dition  at  eadi  boundary  cell  for  die  highest  likely  directiao  of  incidence,  spurious  leflethiaiis  can  be 
reduced  signifiGandy  resulting  in  mote  accurate  stdntioiis.  The  new  numerical  fomiulatioa,  or  the 
adqitive  absatbicg  boundary  conditioa  is  eqiedally  well-suited  for  inqdes  lentadon  into  the  FDTD 
method. 
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Introductioa 


Outer  radiatian  boumteiy  coaditioiu  (ORBCs)  in  the  Rnite-Difieience  Time-Doniiin  (FDTD)  method  ire 
usuiUy  applied  to  ftee-sploe  computadonal  boundaries.  This  it  satitfactay  for  Radar  Cross  Seaion  and 
similar  problems  when  the  modeiri  objea  Is  suspended  in  free  space.  There  an  a  number  of  applications, 
however,  when  the  onmpntteional  botaularies  am  located  in  dissipative  media  which  may  or  may  not  be 
dispersive.  Examples  of  such  media  include  toil  and  plasmas.  In  these  cases,  a  fie:-spice  ORBC  results 
in  uriaocepcable  reflecliont,  motivating  the  development  of  a  dispersive  ORBC. 

Higdon’s  Outer  Radiation  Boundary  CoiHlitioo 


Higdon's  ORBC  has  the  flexibility  to  be  adapted  for  use  at  dispersive  media  |l].  Not  only  is  it  able  to 
handle  dUietem  wave  velocities,  bin  Fang  astuely  obaerved  the  method  is  able  to  absorb  evanescent  waves 
by  inciuding  aiteniatton  terms  in  the  ORBC  (2).  Higdon  originally  introduced  small  attenuatior.  terms  to 
stabilise  the  ORBC.  We  vrish  to  emphasise  that  the  attenuation  terms  are  even  more  general  and  can  be 
used  to  accooru  for  other  forms  of  asenuatioo.  in  panicular,  to  absorb  a  wave  propagating  through  a 
dissipative  medium.  For  a  waveflekd  tt(x4>  approaching  the  bnmdary  x  s  0  from  x  >  0,  the  Nth-order 
ORK  can  be  written  as 


♦  «i 


1  a 
cotg,  ats 


0  . 


(1) 


Each  lemi  of  this  ORBC  annihilaies  plane  waves  traveling  at  velocity  v^  impinging  at  an  incidence  angle 
of  6|  through  a  medium  with  attenuation  coetRcient  a|. 

Higdon  disactiies  this  differential  operator  by  intzoducrD|  a  mixing  patameier  h.  used  to  mix  time  and 
space  derivatives.  This  patteneter  afhca  both  stability  and  accuncy.  The  discrete  foim  of  the  ORBC  can 
then  be  written  as: 

[il  fti|u(0.t*At)  -  0  ® 
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where 


6  -  .  -  *<■)[<'  -  „  (*X  -  ')[<’  -  W*  ^  *'2,']  (3) 

B.  s,i - - -  - - - 

The  ilowness  nd  tnenuiiiiai  in  ihe  x-direction  an  given  by 


■  a  cot 


The  difierendni  oponaon  are  defined  ok  t ,  the  identity  opentor.  2,.  which  ii  the  spatial  projection 

opeiatar  (distance  dx);  and  2,' .  which  is  the  tune  projeaion  opentor  (time  dt).  The  mixing  pannwter  h 
goes  from  0  to  1;  typically  a  value  of  Od  is  used. 


The  ditcretcBtd  boundary  condition  (2)  can  be  inpletneniad  in  a  convenient  "loop’’  foim: 


K  N 

x:  E  T„u„ 

mvO  a«0 

where 

u^  ■  u  (ndx,  t  +  dr  -  mdt). 


0 


(5) 


The  itutiix  elements  are  coefficients  determined  from  the  ORBC  parameien  by  expanding  (2):  this 
expansion  only  needs  to  be  done  during  ORBC  initializatian.  The  ouitjx  eiemesiB  are  found  to  be 
convoludans  of  the  ffrat-oidex  operator  coefficicott  in  (3).  This  is  a  convenient  computational  form  for  use 
in  the  FDTO  pragtam.  allowing  Ih:  ORBC  parartttteis.  including  aider,  to  be  adjusted  without  reprograntm- 
ing. 


Reflection  CocRidnil 


The  leflection  coefficient  of  this  ORBC  can  be  determined  by  assuroini  the  total  wavefield  u(xx)  is  the  sum 
of  an  outgoing  plane  wave  and  (lefiected)  incoming  plane  wave,  which  is  then  substituted  into  (5).  The 
leflection  coefTicieia  depends  upon  the  ORBC  paameien.  the  incidence  angle  of  the  plane  wave,  and  the 
frequency  and  Comdex  wavenumber  of  the  plane  wave. 


The  importance  of  ORBC  aaenuation  coefficientx  is  ilhistraied  in  Figure  1.  which  shows  the  amplitude 
leflection  coefficient  as  a  funcdcn  of  incidence  angle.  The  medium  is  a  Debye  medium  with  e,  -  9. 

C_  B  d,  o  s  O.Ol  S/m.  and  fg  »  500  MHz,  where  the  relative  dielectric  constant  is  given  by: 


fir 


1  ♦  j^/fg 


g 

j2nfEg 


(6) 
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The  figim  ihowi  ihe  magniciide  of  the  nflecdon  coefficient  for  jOO  MHz  pUne  wevei.  If  no  inenuition 
is  inchided  in  the  ORBC,  the  teflectian  it  uniccepubiy  Inige.  Including  tnenuidon  in  the  ORfiC  reduces 
the  reflecdon  tigntficattly. 

Figure  2  shows  the  leflection  coefiicieni  ns  n  function  of  tiequency.  for  plane  waves  at  noitnal  incidence. 
Again.  ORBC  attenuation  teduces  the  reflection  coefficient  significantly.  The  figure  shows  that  the 
reflectioa  coefficient  goes  to  unity  at  zero-frequency;  this  can  alto  be  shown  analytically.  This  suggests 
that  touioe  signals,  such  at  an  incident  pulse,  diould  not  contain  significant  energy  at  very  low  fiequencies. 

The  krv'-ftequency  reftecoon  phenirseiion  b  pasticularly  ptoUematic  when  the  computadotwl  domain  is 
moady  filled  with  a  dbaipalive  or  dispenive  nedimii.  In  such  media,  low  fiequencies  experience  much 
less  atsimnwion  than  high  fcequencies.  Thb  meant  ay  low-fitequency  energy  that  it  reflected  torn  the 
ORT)  C  is  abb  so  tnvel  latga  diatances  in  the  thnulahon  icauking  in  a  low-hequency  "tinging''  effect,  whidt 
we  have  obaerved.  Banheiinme.  since  higb-fiequency  eneigy  may  be  largely  attenuated  by  the  medium 
before  teaching  the  bounday.  the  high-frequency  reflection  coefficint  is  not  as  important.  This  means  the 
ORBC  design  should  be  shewed  such  that  a  tn^  low-frequency  coefficient  b  favored. 

We  would  like  to  have  a  ORBC  that  has  a  small  reflection  coefficient  over  a  broad  range  of  both 
fiequency  and  incident  angie.  A  shnpb  choice  of  ORBC  parameters  would  be  to  choose  velocities  snd 
ittrmiainn  coefficienss  this  conespond  to  the  medium  m  fiequencies  whfain  the  lange  of  the  souice 
spectnim.  But  as  we  have  seen,  a  small  bw-bequency  coefficiem  needs  to  be  favored.  Also.  ORBC 
slabilhy,  discusad  bekrw,  b  another  consideratian.  We  find  it  uaehil  to  examine  the  icflection  coefficient 
as  a  functian  of  both  fnquency  and  agb  by  using  a  contour  plot,  such  as  in  Figure  3. 

Stability  of  the  ORBC 


Material  and  ORBC  panineietx  also  affect  the  Mabiliiy  piopeitiei  of  the  ORBC.  The  nalyiic  diffetemial 
ORBC  (1)  b  unaiabb  unless  the  ORBC  astenuMien  b  larger  dm  the  anmuaiion  of  the  medium.  We  have 
derived  a  stability  criterion  for  thb  ORBC.  It  b  based  on  requiring  the  roots  of  the  Z-tiansfoim  to  lie 
inside  the  (■1110:01^31.  The  stability  can  be  analyzed  for  each  older  separately.  The  root  for  the  i^-oider 
is  found  to  be; 


^.leet 


I ,  MVifOT' 

<>i  ♦  JblCi 


(7) 


where 


Bj  -  h(Pi  V  cosej 

b,  ■  Oj  AxcosOj  -  Re  IK  -  1) 

Ci  ■  lm|K  -  II 

dj  ■  cosSj  ♦  SiRe  (K  -  l| 
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The  Z-ttinifbim  nxx  gives  us  s  subiUty  criterion: 

-  Pi)  -  *>1(^1  -  t>|P,)  <  0 


(«) 


This  expression  shows  there  are  two  main  ways  to  increase  stability:  I )  reduce  the  mixing  panmeter  h.  or 
2>  increase  the  ORBC  attenuation  coeflicienL  Because  of  the  seuiliviiy  of  the  reflection  coefficient 
frequency  response  to  the  ORBC  attenuaiao,  we  And  it  convcsiiant  to  wljiat  the  oisung  pwaraeter. 

Figure  4  shows  a  siabiliaed  reflectioii  coeffioans.  creased  by  adjusting  the  ORBC  panneeen  fbs  Figure  3. 
The  reflection  caefHcieni  is  now  both  larger  and  stnoashar.  which  .teems  to  be  chvacteristics  of  the 
stabilization  process. 

FDTD  Impltfnuioh 

We  have  implemented  this  ORBC  in  an  FDTIt  code.  Insioad  of  applying  the  ORBC  to  the  E-field,  u  is 
usuaUy  done,  we  apply  it  to  the  H-field.  allowing  the  adjacent  E-fields  to  be  updated  with  the  usual  interior 
dispersive  update  equations.  For  the  interior  calculatioiu.  we  are  using  the  lecuisive  convolution  method 
developed  Utebbeis  [4]. 

As  an  example  of  the  ORBC  implementacion.  we  show  the  results  of  TE  polarization  calcularions.  The 
configuration  is  shown  in  Figure  3.  Two  caiculations  ate  done  —  one  on  the  small  domain  n,  and  one  on 
the  Isger  domain  O].  Both  calculadons  are  stopped  before  reflections  from  can  revh  Q,.  Thus,  my 
differences  between  the  two  tuns  at  all  field  poinu  inside  Q,  are  only  afiected  by  reflections  iritm  O,. 
Ssmples  ate  taken  at  the  two  indicased  poims.  just  inside  Q,.  The  louice  is  an  infinitesimal  H-field  source 
lociled  at  the  center  of  the  domains. 

Figure  6  shows  such  a  tun.  Notice  the  pulse  is  dispersed  but  decays  nicely  to  zeio  showing  no  insability. 
The  reflections  from  the  edge  and  the  comer  were  antroxiinarely  -35  dB  and  -30  dB.  respectively.  The 
source  fimetion  used  wts  a  pulse  tbre  has  a  center  frequency  near  300  MHz.  with  energy  ranging  from 
70-2100  MHz  (fiO  dB  poims). 

Figure  7  shows  1  run  with  a  source  funciian  dim  produces  more  low-frequency  energy.  The  reflections 
from  the  edge  and  the  coiner  were  about  >30  dB  sod  -40  dB.  respectively.  When  cott^arisons  are  done 
between  the  two  domain  calculations,  a  low-ftequency  difference  is  seen  that  is  slowly  diitipaied. 

Conduaians 

We  have  shown  how  Higdon's  ORBC  cat  be  adapted  for  use  at  dissipaiive  and  dispenive  media  A 
stability  criterion  and  contour  ploti  (frequency  vs.  angle)  of  the  plane  wave  reflection  coeificient  cat  be 
used  to  design  an  opdmil  ORBC.  Rmults  show  a  complex  nladonahip  between  ORBC  paameten. 
material  propenies.  reflection  coefficiem,  and  stability.  Yet.  properly  applied,  this  ORBC  allows 
calculations  inside  an  infinite  dispeisive  medium. 
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Table  I:  ORBC  Parameters  itx  Figures  3  and  4 


tsaOant  ansa.  ?0affaai> 

Figure  1:  REFUiCTlON  COEFFICIENT  VERSUS  ANGLE,  a)  2nd-order.  no  ORBC  attenuation.  B,  = 
20“  and  4S“:  b/  t!nd-oider,  wHh  Oj  =  5.8  m  '.  Bj  =  70“  and  43“;  c)  3id-oider.  with  Oj  =  5.8  m  *.  B|  =  0“, 
20“  and  45“. 
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FraquMKy  (lUMz) 


FigmCA:  REn£CT10N<X>EIFnaENT  VERSUS  FREQUENCY,  a)  2nd-4flder.  no  ORBC  anenuadcn. 
using  200  MHz  md  TOO  MHz  vclocibes;  b)  2nd-onler.  with  attenuitian  md  velocities  at  200  MHz  and  700 
MHz;  d)  3rd-oRler.  with  velocities  and  attenuation  at  200  MHz.  SOO  MHz.  and  700  MHz. 
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FiguPf  3:  REFLECTION  COEFHCIENT  VERSUS  FREQUENCY  AND  ANCLE.  3rd-onlei.  using  h  a 
OS  and  nannieicis  shown  in  Table  I. 
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Figure  4:  REFLECTIW  COEFFICIENT  VERSUS  FREQUENCY  AND  ANGLE.  Srd-order.  using  h  = 
O.l  pvatneoR  shown  in  Tobk  I. 
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Figure  6:  TEST  t  TIME>DOMAIN  RESULTS.  Uses  ORBC  psmnetm  from  Figuir  4,  widi  a  source 
function  producing  lisle  bw^frequency  energy. 
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Figure  7:  TEST  2  ITME^DOMAIN  RESULTS.  Uses  ORBC  panmeteis  from  Figure  4,  with  a  source 
I  fiinaion  producing  some  iow<hequency  energy. 
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IDTIi  ANAtYSlS  OF  A  CDBVED  tAW-TOCTH 
ANECHOIC  'rHAMBCa  ABSORRIIIG  BOUNDARY  CONDITION 

Ctttr  M.  lUppapurt  Mmd  IbUa  Gorel 
Cmya  fee  CbctMaacMike  mhImsA 
Nartkeaeten  UaifanKf 
Bom,  MA  0311S 


AteOaiJt  A  mtm  aT UfttiM  1— iaiMiii  hm»d  cm  Miufcerr  rkaiber  AbMrbae  tocnt  giw 

omt^t  «*itk  epieiMly  utaMliitAd  ilairtfk  md  ■inirtir  coadjcegvteyj  Aoeea  lo  piavabI  fUeclinBi  and 
liMMiMi  ifiiinhA.  a^crn  fkm  epM.  it  dmaihtd  nri  ■■■tjtut  Thm  odAMitaM  of  tU»  ABC  ow«r  corfOMlr 
■cod  mmm  it  ihmt  1«  pcoooiee  fta^tinoe  hem  BMek  wite  forirtat  OBfM.  %imm  irideot  wovm  oood  oot 
bo  oiinl  lo  thk  booodfy  obeneplbo,  Ibo  bouodacj  cao  bo  ptacod  wumtk  dmm  tboo  pxovkmmSj 
rnariWo 

Whoo  iUs  ABC  ia  faaplauMBlrd oalo^  orv«m  ■  ^  raiarixalj  riBmla  npnratino  la  pariermod  ovar 

aodh  olaaoMl  ia  4bo  coipwtallnoal  end,  oialdne  CM  limiilaiinfi  pariMniUrly  «oIl*auitM  to  moaaivaljr 

paroUal  auporeoapalor  pUtfoma,  aad  oBormoua  oomptttotiooal  apaad»opa  aro  axportoA 


INTRODUCTION 

NiatMrtMftbeioiwtfdofwnpatalinoalipaeebciwaMathaaciUefir  aodtWioiahtawniaatioabaaloaebataadifiealty 
to  mmrifal  deftfonneoNira.  Sioec  Ibe  ayttvahoce  priaapk  alkooa  iha  cenpoUtioo  of  tka  tbetMOtacaatk  fidd 
iiBji  akoi  paao  ika  omaat  m  a  daaad  MirCaaa,  all  ikai  m  laqoiiad  to aolvt  ■eattaeiag  piobianu  w  to  Aad  toe  iadiwad 
oirraot  oo  tka  arattarim  object.  FiadMi|  tke  Aald  diaUibotioo  ia  Ike  lajpoo  ■itroiaadiag  tka  objaet  ■  uaaacaaojy 
aiiecpt  to  ipva  the  eonoet  cenaot  on  iha  oojKi.  It  b  oot  pcaoibk  ia  jfOMnT  booam,  to  igaon  tbia  Add,  liace  it  b  not 
kaoaro  a  priors  what  fbna  it  trill  taka. 

Swaral  typaa  of  abaarhuc  bowdavy  coaditiota  (ABCc),  wHh  a  yarkty  of  ootae  bowadary  laotnetnat  bare  baea 
mpoctod{l-q.  Ikatc  tea  difSmot  adaantifi  to  tka  vanone  ahapaa  of  thia  bowadary.  While  a  ctrcular  bouadary 
ia  ooaipataMr:3aliy  aianplaat,  it  b  dilBoilt  to  aop*o«Mta<o  ari^  roctaagiaUr  caUa,  aad  for  long,  tbia  acaUarara,  large 
imewola  <tf  aminiy,  «abbanAiagapaea  nuit  be  iadoded  witkia  tka  eotepatatbo  dotoAia.  A  rectaaguW  bowadary  may 
pooe  pfobhoi  at  ita  «oea«a  aad  odpaa. 

Mflsw  caaaaal  ABCa  whkh  caaed  worar  iacidmt  foam  aagba  olbar  tbaa  f**"**^^  iaddaot  to  the  bouadiry  bars  baaa 
p^rpnaad  IA4].  Thaw  applr  appraodmata  aohtuooa  to  the  oaraaqoatfoo  U  iha  radbiioo  bouadary,  with  aanihilattoo  for 
sailtipb  dbcM  aoglaa.  UofortuaaldT.  for  aaeh  additboal  ao^  of  aafcibibtbo,  the  cedar  of  the  diffaeeatial  opceator 
iacraowi.  Tka  •tunMrofdtOMaUio  tkesioaity  of  iha  booadary  which  awal  ba  iadadad  in  Tha  higher  nedar  (tiffarrnft 
opardioe  thoa  itcraaoa*.  Ahhoosb  a  wida  raM  of  iaddaot  ao^aa  caa  ba  afonrhad  with  tbwa  ABCa,  tbo  raanh'na 
Boiop  baity  el  tha  booadnty  may  oar  ami  pmhibdivo.  Abo,  *  bigbar  oedw  ABC  done  to  ao  irrefalaiiy  ahopri 

aeoltarv  pnoaotn  difieoltba  ao  eamd  area  or  aocom. 


SAWTOOTH  ANBCHOXC  CBAMBRUBASSD  ABC 

The  idea  ^  tha  aosrtooia  iaachoic  irbnmbar  ABC  waa  fuel  ibanrihid  ia  the  /ooroa/  •/  CUe.  Wmw*  aad  Anl. 

Tiib  prawmittoa  aadyaad  tha  aacebak  ckaanhar  ABC  oamg  tha  riaiie  DiSmoce  fVaqoaoey  Domaia  owtM 
of  oeaBpotmg  acotaiod  Bald.  Bowmor.  tba  Fiaita  riffafaTa  Tiom  Domaia  (fDTD)  fomDuUtica  b  more  awtiil  wbaa 
coortdinag  a  AaiUsrawtpaba  sriihaceotiooouaapodramoflinnoaofy  eomproaaU,  laddaat  from  a  daglanagb  [7,8,9]. 
The  aawlooUi  ABC  caa  aaaily  ba  appibd  to  TCTD  dmiilalino. 

Tke  fndaim  tffa?  pnaepk  of  tka  onr  ABC  b  that  wed  with  the  caebe-a-loodad  abaorber  foam  pyrimida  lioiag  the 
iaMfor  walk  of  aaochob  aataaaa  tact  ebambara.  The  etoepty  dactud  loaw  malarial  bca*  abaorb  aocse  of  ibe  iaddeat 
aftargy  and  t&ad  to  rodiroet  a^  rdf  wCad  aroraa  ubo  otbar  pyrMBida  for  adtutiood  abae^tieo.  The  act  effect  of  the  wall 
of  pyraauda  b  to  ahrorb  all  iadiaat  worm.  Aad  daw  iaddaot  waaw  troai  aU  diractioaa  will  ba  ahoorbed,  tbe  loa» 
pynmtdi  verb  iN«y  srtll  at  pwoaaliiig  wall  laAacdooa  ia  aaiarma  taat  ckambara.  la  a  two  duosabooal  aaalyvb,  which 
waa  reodderad  ia  thb  projad,  tha  pyeamida  I;  aroma  iriaagalar  aaw  toslb. 

With  eerapatar  aiodaliRg,  the  malarial  diaractarbtMi  of  tb«  abaerbiag  layer  aaad  aot  be  thow  of  roak  didectrie  corn- 
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lie  «aa  ba  modaUd  m  bda^  kajr  Iv  baviftf  botk  alactrie  and  mcmUc  coaductMiy  w,  wm, 

md  rrit^  ti  paraiiliivity  <  aad  pantHibUily  $t  aaiaalarf  nr  a  paiuci  anfecb  at  fcba  aacoad  baaaca  of  Ut  aormally 
iariiant  waaa.  !f  tba  vartoa  r^in  of  iWa  Iriaa^  a«a  o^ailafarai,  tW  aaila  kba  nAactad  toy  nnkaa  with  tha  aeeoad 
triiBfla  Cne  i«  90*  (0*  locol  iaridaaof  aa^).  Th»  faeaoitrf  a  ohoav  ia  Fifiita  1. 


Aa  loos  **  m/*  *  *  /*oA»  (vhkfa  ooctaapoado  to  maiataiaing  coaataat  fraquney  domain  »av«  impcdaaca  aeroaa 

the  bottadary),  tbm  will  oo  loAectioaa  /bt  aoranl  iaodaaoa  to  a  Iriaagla  faca. 


Ihii  lai^airaiMot  a  difieult  to  attain  with  laal  maiariaio,  but  ^uita  aaay  to  apacify  by  eampatet.  It  ia  important  to 
mahe  lha  eoaductintiai  aaon^  no  that  tha  wan  ookhly  dacaya  aa  it  propasatao  iaio  the  ahaorbar  m^um,  bat 
not  ao  Ufse  that  the  darayias  AaM  ■  isadaqiutaly  aamplad  «•  tha  anah. 


/ 

OdmaNrn 


n^wa  1.  Ray  patha  for  want  aormally  iwHdihl 
and  iatidml  at  a«cik  ar  m  aquilataral 
tiiaagiilM  aharwhiif  hooadary,  ahnwiag 
BBallipla  bowasia  noadioBk 


wiooiag  parlactly  eoiMlMclias  •<)»■*«  (to 
tha  lift)  and  ahowiog  tha  caicalar  eyli»> 
drieal  polar  BMurimam  lard  at  ( se  0. 


rPTD  raCULATlON 


Twu  dimanainaal  FOTO  aimw latino  of  thia  aquiUtaral  trian^  eaw  tooth  ahaerbiai  layer  ii  uaias  aa  aaritatioo 

puiaa  which  riimiUtoi  a  eyliadrieal  wan,  rmaaitins  Irocf.  a  point  aoorcr.  Uafortaaataly,  ibtrt  ia  do  eloaed  Jbm  aolutioo, 
in  tha  time  dntpain,  to  tha  griiadrifal  wan  oaoatioo.  ThaaUadard  Baahd  faactioo  aolutiooi  only  work  ia  the  fraqooaey 
doania.  Tbarrfeta,  the  aaynptotie  form,  wiu  a  radial  sauniaa  wndepe  and  a  mH‘ilr*‘n|  carrier  m  and: 

g(j)  »  cot  g(f~€t),  V(»-*a)’  +  (r-|*)* 

For  Urge  rodii,  thia  form  appmdmatai  the  wan  e^oatioo  wall.  For  hBMr  radii,  howcnr,  a  muJl  bat  aoticrahle  iaward* 
propagaiUs  wave  ia  gueratod.  To  riiminate  iparioMa  Acte  of  thia  artifact,  a  mull  diak  of  matchad,  Ua^  ABC  madia 
la  iaavted  at  ibt  emUr  of  the  cylindrical  wan.  Betag  moall  eaougb  to  not  ialmict  with  the  oot>gouis  wan,  thia 
diak  ii  hipt  ia  pUea  util  iht  artiCaet  ia  radooad  to  inriga'l^ — *  Unla,  aod  then  raoaend.  The  a'>on  eqoatioa  ■ 
diacretiaefl  by  oaiag  e  iA.y  jA,  4  -*  oAt.  The  coaipalatinoal  dnmiU  ia  dwem  ao  a  lectaagolar  grid  of  poinla 
('./),  0  <  •  S  i— .  0<JS  jmmt’ 

Tha  magnatk  ftdd  compomata,  whkk  follow  directly  Croea  Ibraday’a  law,  ban  the  aaact  auM  apace  and  time  dapm 
dmee,  bat  are  orthogeoal  lo  T  and  are  lediiead  in  magnrtode  by  the  mafcirial  ioipedaaee  if  w  377R. 

The  alfimate  of  the  aawtooab  ABC  ia  in  the  form  of  e  eoBteur  ancloaiag  the  acatlcrcr.  Figure  3  abom  thia  genmatry, 
with  an  off>cmier  equara  ecatterer.  The  eoarce  canter  m  at  (ea*in)  *  (370,990)  or  90  by  90  grid  poiata  away  from  the 
eantar  of  tha  computational  domam.  The  polet  half'widkh,  W  s  ip. 

To  aavt  cocnpotatioa  time,  aod  redact  tha  etioogly  obUqut  Ucidaot  poJaa  iatarectioo  with  the  ABC,  the  total  Bride  are 
cakuUted  only  ia  a  reduced  aqiiare  ragiaa  immadiairiy  eorrouodiag  the  dUmcad  ehaped  acattcrerflQ).  Seatured  Belda 
ate  cakuUted  oataidc  the  total  Md  region.  The  bouodary  batwieo  the  two  Irid  legiooe  ia  apeeified  U  tenna  of  the 
total  feld  mUua  Che  calculated  ioeident  6eld  for  the  extoroal  (eeattered  Odd)  cakulation.  aad  U  krnw  of  the  acatterrd 
Orid  plue  the  tame  calculated  ioddani  haM  for  the  inttmri  (total  leM)  caknJatioD.  With  thia  piocedara,  the  Ucadent 
Md  aenr  eocoanttre  the  ABC,  ro  no  arvere  o*>liqoa  aogU  ilWrunatioo  ocean. 
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} 


Ita  calevUitei  m«  fiMfawid  iHtk  ■nwiiKlli  Hictoictl  p^fiiaom,  p  ittM  *,  tW  oaly  fgiiiramwlt  baing  Uwi 
■  f  *■  ud  aanniHialiw  «  c  •  1  lot  iiBpbcktjr.  SImo  Ibb  io  o  timi  linmoin  ■mMlotinii,  tbo  tiow 

•mM  m  iMtfvy,  Md  thm  io  wo  froqa^cy  teak.  TW  «aly  ^^piical  koJo  ta  Ibo  laUktv*  ha^tbo  of  Ibo  oowiooili  «dfe 
aad  tbo  kalf-widU,  IV  of  Ibt  ciimiin  «avHo|M.  TW  oosdaelivitf  io  opociftod  io  tornio  of  tbo  dikeciric  roUtotioo  timo 
r  «  tjw.  TWi,  for  «  wovo  Io  docojr  by  o  Coctot  of  «  is  30  limo  onopo,  m  «  </30.  AUo.  ibe  Couraot  eo&ditioa,  which 
■pTiaoo  the  idolivo  uooi  of  timo  «m  cpoco  ot^  la  ibo  FDTD  alf^thm,  e^/Ai  io  ehooeo  to  b«  O.S,  iaiptyiag  that 
tM  wava  advaaoH  n/3  oUpo  ia  opaet  ia  aa  ialtrval  of  a  ItM  olapa. 


GEA^HXCAt  DATA  FAESENTATION 

Fat  FDTD  cliinilniuai  la  wbkb  ■wwialatod  iariilMt  Mdo  aia  aiMBlalad,  a  paai  dial  of  daU  nuMl  b«  rakaUtod  aad 
dioaliyad.  ‘  u— »i^ 

Vila  aiMdva  amnoatt  of  diaa  Motafi  to  laeecd  tW  mmIu  at  Ibo  laqoM  iaiavvalo.  TW  maai  dabilitatiaf  aopaci  of 
wipiirainl  FDTD  AmiiUtina  aaalyao,  Commit  k  la  tW  armtata  papbkat  ditplay  of  IW  eonpoiad  llaldi. 

TW  moot  daocriptiva  — i - of  pitwriag  Md  data  io  by  aaag  Ibm  ftimnianart  aad  oaotour  plot  gi-aphica.  Tboo 

art  maay  jpipbkal  ooftaata  pauaffii  aakiablt,  bat  aoM  caa  iataUifibly  plot  tba  cemplaia  baba  doc  of  a  wave  which 
nofillof  100  timoo  aecoa  tW  oemjpatatooaal  fraiM.  TW  pcoUom  eoqMo  nom  dioplayiag  all  tW  data,  NBultiag  ia  aa 
impomibly  dmot  (rid  with  600  by  600  ciDooiai  liaoo.  TW  ovat^oadaaet  of  data  w  tiMally  dealt  with  by  uader>oafnpUa(- 
TW  6atd  data  caa  W  ■amp tort  ovary  13  poiaU  to  yWd  a  hO  by  60  poi^  papbkal  ourfaca  (ao  ia  praoaated  ia  thio 
Mpoct,  aae  Ogata  6a).  Tbato  OMih  ploU  art  ^ta  taadablr,  bat  hoeaoia  of  tba  andataamplmg  of  tha  otoduUlioa.  tW 
appmw  ootto  diamaliiiooai. 

A  aaWtbk  alUtaatiat  wao  donkpod  to  Uhiatrata  tW  groio  babavtor  of  tW  acattorod  Oaldo  without  ifaortii^  to 
tW  oeak  or  toaolutMa  <<f  tW  pi^  TW  aharaativ*  lo  to  aaoMtically  low-paaa  ftltar  tW  Odd  dau.  Tbia  io  tW  aame 
wolf  ariohiiobod  toebaiM  oaaaatimm  and  ia  AM  radio  aicaal  deawdalatioa.  Ia  tW  curraat  applkatioo»  tW  wavo  rigaal 
IMd  data  ■  aaailabla  te  ipalial  potato  ratWc  tWa  ao  a  faarttna  of  tint,  oo  tba  aiaoothiag  iavolvn  low-paoe  apatial 
Oltariag. 

ftathar  tbaa  aaia(  a  famal  IWukr  traaofcrm  or  ooavdatiaa  to  llkw  tW  ipatiaJ  data,  tW  oavakpo  caa  bt  ainply 
doloetod  by  ftadiai  tW  abaolata  vataoi  of  tW  ondalaiMOi  paaW,  aad  tWa  oaaaocUif  tbon  valuoo  with  ttnicht  liae 
■naMalo.  Ao  kmi  ao  tW  awdalatioa  k  fait  aaoufb  oo  tbM  tW  fbongn  haiwaaB  poaW  art  oauU  ralatm  to  tba  poah 
vJw,  niac  akaiw  oaaaoota  wioia  tW  paako  ^om  aet  iatrodan  ancA  onor.  Tam  art  about  3  pcaka  witbia  the 
naoriaa  puko  width,  3»V,  oo  CW  ortor  k  TW  Uao  aacBMato  art  fouod  ia  boib  «•  aad  inlifoetiooo,  ykldiaf 

int-ordn  fiaita  oknmt  patebn  ODvariag  tW  aboolato  valutof  iw  moddalod  1  itinwaoinaa^  opatial  wavofona. 

Oaco  tWoaiCanpatAn  aw  faaad.tWiatcrmoiKatooampk  potato  alt  pay  to  lad  uriaftWbWtoaariatoTpolatioa.  TW 
Noalt  of  imnntbia(  md  iataipr>inin|  iW  date  of  Fifaw  Sa  k  abiHn  ia  Figaw  3b.  Note  that  tW  wave  in  aow  cireaUr, 
nnnfiaiinai.  aad  ciAnlp  pokitva.  Tbw  plot  don  aet  dopict  tW  aodulatioa  at  all,  bat  ihowo  iW  omall  tawlopo  abape. 
Uaad  ia  ooajaactioa  with  Fifiro  3a,  tea  moothad  d^  giwo  eoaiidgibk  iaforwinka  about  Uuo  bigfaiy  aiodnlateH 
ntiniky  aawri i  ally  Ann  waw. 


COMPUTATIONAL  BXSUiTt 

FtJTD  WBtho  bavQ  bom  obtaiaad  far  tW  ^iadrinl  aonn  ilfanriaatiifa  oauaia  ocatteror.  fbcoateofFi(arn3throa^ 
6,  tW  Int  ifwa  «a  iW  pam  ofti  tW  actual  date  valaoa,  tW  aacoad  Worn  tW  aatootbad  bulk  WM  behavior.  TWoe 
Anm  fha  iW  total  oketne  Add  ia  tW  prinaco  of  tW  aquaw  pnfvcUy  nadurtiai  acatterar  teowa  ia  Figun  2.  TW 
iuhC  k  pnafinaod  *m  tW  cartk  with  tadiiia  300  grid  aalte,  100  aaite  ia  from  nA  edge  of  teo  docaak. 

flgun  3  givn  tW  total  AaM  M  160  tian  etcao,  wWw  tW  Ant  acottoriag  from  tW  aqaare  k  vkibk  ia  tW  aaiddk  of 
tW  botteta  part  of  iW  plot.  TW  wiootWd  |Not  (Figure  3b)  ohoeuin  tW  aeattanr  by  ialcrpelatiag  right  om  it.  It  k 
Ibr  aaalkr  oSoete,  oath  n  tkk  ■ealtenr,  that  tW  actual  date  plot  (Pifurc  3a>  k  cnmtial.  Figure  4  giver  the  puW  at 
t  3  390At,  wWa  tatemetioo  with  tW  drcalar  oawtiwtb  ABC  bacamn  vkibk.  ^****">*g  tW  upper  right  eoraer,  at  tW 
poiaC  oa  tW  ABC  ckaari  to  iW  poke  eaatar.  tW  amplktida  bapao  to  daenan.  TW  rmnothod  pkt,  Figuie  4b  abowo 
tek  cBaet  of  iW  wan  peaatiatiag  tW  ABC  aioot  cUariy.  At  40u  Uaie  rtepa,  Figaie  h  rirninartratn  teat  almnat  all  tW 
iaridnf  paka  bn  aatned  tW  upper  right  cocuer,  aad  ben  aMaauaied.  Some  of  tW  iaodeat  peln  ia  atill  prcoaat  ia  tW 
lowar  Mi  corav,  mi  huviag  oaeapkteiy  reecbod  IW  ABC  yot.  IW  Aaal  pkt  ia  tW  iaodeat  wave  aeqiMaec,  Figure  6, 
oeoiro  for  r  3  AOQAt. 

TW  aboorptioa  of  tW  iactdral  pain  k  cteariv  vkibk  ia  thk  oeqamcc.  Ako,  tW  ocailariag  from  tW  aquare  domtnatfg 
tW  Aaldo  la  tW  water  of  iW  oomputaticaal  dorDaia.  TW  epocutar  reArrticai  from  tW  acatterer  and  ita  ohadow  are 
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clMiljr  Ma  IB  Fifun  S.  Fifiin  <  iii«lifil«i  that  calj  lha  arilwaJ  laid 
of  tha  lacidtBI  *a*a  Iran  tba  ABC  cinla. 


at  100  tiaaa  atapa,  r/ith  bo  ralactioBa 


CONCLUSION! 

Ab  iBipaonad  ahaaahiBi  boBBdaqr  eeaditloii  haaad  oa  aBaahoia  rhamha'  ahaaabat  twai  paavasta  raSaetioBa  born  a  wida 
iaB(a  of  iariiliBaa  aa^,  oad  haaoa  oould  ha  poaltiBBad  aaiy  eloaa  to  alactiooiigaatia  laattaiaaa.  Tha  MdiKtioo  of 
aaiaipoftaat  OBapMatHaal  apM  hada  to  a«iriB(>  of  ooavailar  maw  my  aad  CPU  that.  Ib  tha  toot  caaaa  coaidaiod, 
tha  aoaal  ABC  ahaocha  almoat  all  of  tha  iBcidawl  laid,  lafaidlata  of  tha  ihawiaaBl  fhiqomcy  rnanpoaaala  aad  iacidiat 
aailaaaf  thaacBtlaaad  anaaa.  Boaad  a»  tha  waalla  paitaailad,  thia  BBaal  ABC  la  i*actiaa  at  taaiBiaatiBi  tha  latiict. 

Om  paiticBlaa  advaataca  of  thia  aoaal  aBaa-taoih  ABC  ■  that  it  ‘paaallaliatd’  may  dfataatlr-  Whila  athaa  hi(hai>otdai 
paaailo  anaihllttiiia  op  malm  ABOa  layaiia  mUm  laaMaiaa  ot  ethaa  aaarial  '•**■"‘-0  of  boawdaiy  grid  poiau,  tha 
aaaa  tooth  ABC  aaa  *-  liJ  liw*  f*ii  1hi  iiH  iHhi  naiiiiilaliiiail  |ii^  Tha  oaly  dilaaaaot  with  aalnilatioat  la  tha 
loaty  ABC  lay*  it  tha  mt  of  abetafe  tad  aiainttlt  toadactiaity.  Siaoc  tha  ttma  nawraliaa  ala  poafatatad  iaiadi  the 
lay*  aa  oataida,  tha  ooda  ia  paatkaUily  aim|da  aad  rilrimt  fci  9MD  aompatma,  aad  laa  aifoa-pioaa  oa  roaaaalioaal 
ooaopataaa.  NamaticalapariaiaauoaBtattiailypaftiMtaptitoaBailtia.iadicaltthaSteaoaylaiiaFOTDaiBBilatiaat. 
W%  of  tha  total  ootapatatwaal  CPU  tiam  it  ^mat  oa  a  alaal  atiag  tha  aaiatii  ty  waHifiaaia  fat  tha  thiid-oadm  Liao  ABC 
at  tha  M  patiiaat*.  Fha  a  4000  by  4000  poiat  and.  thaio  aia  aboat  oea-ihoaaaad  tiaam  aa  maay  poiata  ia  tba  iataaim 
aa  oa  tha  paaiaMm,  yot  tha  hulh  of  tha  oalcuUtaoa  waaapmt  oa  tha  ATC. 

Fhathatmoaa,  tha  ABC  caa  ba  dually  poaitioaad  aioaad  a  acattai*  of  toy  ahapo  by  maaaly  apacifyiai  the  bouadafy 
locataoa.  Otte  ABC  inathnda  may  oaly  woak  oa  plaaaa  paialW  to  pid  aam  oc  oa  ciatular  bouadanm.  The  aataa 
aaTtagi  of  aaa|  tha  aawtaoth  ABC  oa  a  piarawim  aiiiighl  arith  aUiptiiM-aio  pid  taaiaiaalioa  oould  ba  eoaadaiabla. 
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SURRIMPOSED  MAOIETIC  FIELD  IN 
PCWCED  C»NVECnON  LAMINAR  BOUNDARY  LAYER 

by 

AlcuBdmM.MotBt>aad  MikMUMonp 

DmMBMat  of  EUeliieai  rniinwrini 
POLITEnfiCA  UFSVERSrry  cTBUOIAKEST 
BaehMML  ROMANIA 


ABSTRACT.  The  BlaeiBi  imMem  fcr  ihe  laniiiar  bonadiiy  layer  is  lefonnulated  for 
the  case  of  at  eladroooadnctive  llaid.  The  Uupacl  of  an  external  macnelic  field  is 
obeerved  tlifoii(h  the  rimilitailn  (BtaaiDs)  fimelioa  fiti).  Further  mote,  the  associated 
thennal  (Pohlhauaeii)  problem  is  soivad  for  this  clou  of  flows  and  the  tempeiature 
profile  is  obtained,  nnally,  the  me  path  of  oonvacdon  as  well  as  the  i^ect  of  the 
eoctenal  atagnetifi  field  are  foaad  to  be  better  wilaesaad  by  the  httafunoion.  a  novel 
physical  quality. 


Elecirocaadaetive  flnida  coavectiai  in  axtanial  (imposed)  maiaetic  fields  are  the  siege  of 
stippleiiieatary  (thermal,  mechaairal,  etc.)  phcgsomena.  When  the  incident  magnetic  field  is  steady 
(time  independent)  and  tte  Oow  ia  alow  (am  as  modemle  fiee  alieam  velocity  or  aataial  convection) 
the  man  act  is  an  incieese  of  the  di^  foRe  peodaoad  tfarongh  decnodynamic  (Lotcnz)  forces. 

If  the  eleetroooodnetive  flnid  ia  a  heat  canier  as  well,  u  it  is  the  case  of  farced  convection 
procMiei,  the  heu  nanrfer  pattam  is  urflnenced  tog 

la  many  sitamioaf  (loyitil  grawtt,  eiectroaroriao,  magnetnhydrodynamics,  etc.)  this  is  a  side 
affect  and  it  is  impuiaat  to  know  in  what  seaae  It  acts -improving  or  not  the  proceesnuier  control, 
rhidrieelrhar  [1]  atadied  the  aaodificatioa  and  the  atabil^  of  the  flow  patsem  of  a  find  nader  the 
iafhienoe  of  a  magnetic  field.  Onper  [231  snalynMlthiaMfwt  in  a  ciystal  growth  aataial  convection 
ooalBXt  while  Motega  (431  showed  the  cetreaponiliag  modificatian  of  the  tbanial  stnctnre  of  the 
appasaus.  The  bydtodynamic  aaalysia  of  lUly  developed  aatanal  flows  (Hagen  -  Poiseuille)  in  a 
magnatic  field  (HntaaaaB'i  pnUem)  is  r^oilad  by  Mocm  [7]. 

Lam  attastioB  ww  devoSed  So  the  cfanagM  iadaoed  ia  foieed  ocnvection  boaadaiy  Uyets  (the 
aleadar  ttansltimal  regian,  in  the  fliad,  laaniBg  the  anlid  wall  bashad  bjr  the  flow)  and  spedfically  in 
ooqjanetioo  with  the  heat  tranifir.  The  iawtnnngfeatawe  of  asch  an  interaction  can  be  inveetjgated 
throagh  sinqile.  baaie  modab.  Thenfor.  we  focna  on  the  heat  tianffer  piobiam  of  a  steady,  ivmiim- 
forced  oonvaetiaa  hnaidary  hyor  flow  -  the  Blaaias  aad  Bohlhaaatn  problems.  The  viscous  flow 
anderanidyleansathsma^oaiiainiatdfiaotemnl),  solidflatwafl.  Theotgectiveaf oarwoifcisto 
evalaate  the  effects  of  an  imposed  magnsticfiaMtiimverse  to  the  flow  ditectioo.  It  will  be  seen  that 
for  the  specific  nagnelie  field  aasaoMd,  the  main  faanaee  of  the  ocnvsctiiig  flow  are  preserved  -  the 
velocity  aad  tmtpetmre  pnfiles  are  still  seif  •  similar.  Hather  to  conipleling  the  datt^  (Blasias) 
model,  by  incladiag  lenns  to  accotait  for  the  magnetic  field  ocnliibBtioo  sm  solving  the  combined 
flow  nd  teaipeiataie  pioblems,  we  nse  the  hea^oieticn  -  a  novel  physical  quantity  -  to  show  the 
modification  which  occnie  ia  the  me  path  of  eonvecdoa  by  the  presence  of  tbe  magnetic  field, 
barodnoed  adaeade  agoby  Bejaa  (6].  the  haaCfnactiQniaipated  itself  in  the  beat  transfer  community, 
at  least  at  npowetfiilviaaalniBaas  in  convectioo  processes  [83. 10]. 
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1.  FomalaiioBo(lk«pnbkmMjaBB|7rii 


The  equatioM  Ihti  (ovetii  the  mau.  maoMaiuiB  aad  energy  in  the  cunMant  property  forced 
cooveclioa  laminar  bonadary  layer  flow  of  Hg.  I  are  [11]: 


dx  dy 

(1) 

dx  dy  dyZ  p 

(2) 

^  /  dT^  ari  .d*T 

(3) 

Hen  V  is  the  visooeity,  o  is  the  electiic  oondnetivity,  p  is  the  mass  density,  Cp  is  Ihe  heal 

capadcy.kisthelhanBalcaadnciivilyaiidTislheabaatatathenaodivannctaaveiainn.  Itisassomed 
that  the  external  (impoead)  ti»«yi«tv-  fud  is  tuna-inJepeadent  aad  oriented  in  the  b-dinclion  (oz  axis). 
Its  presence  (and,  hmce,  inflnance)  is  limitad  to  a  slender  legion  insilk  the  boundary  layer.  Fmtheriu 
the  scale  analysia  [6]  the  (Oy)  projection  of  the  n>niiiBnminequatifln.a>  compared  to  the  (Ox)  one,  is  a 
batasiee  betireaa  second-order  (ssra)  terns  and,  thns,  not  relwaat . 

The  specific  fomi  of  the  taaii^c  flnx  deaeily  it  ooatidaasd  to  be  the  psindpal  pait  (fiiM  Older) 

of  a  Lanrent  expansion  for  a  more  general  field  B  n  B(y)  >  Bo  ^  (L  is  a  chanetetitlic  length, 

typicaOy  tfan  hmgih  of  the  pime  in  dn  flow  diieetsca).  This  definition  for  B  eetufiee  the  divergence- 
free  lesBiciian  preservea  the  siailarity  fesoims  of  Blaiiua  •  Potalhanacn  velocity  and  tempenure 
boonduy  Uyen.  The  diflicuity  that  this  qnantily  diverges  for  y  -•  0  is  allevisted  through  the 
observation  that  the  flow  is  sssamed  viscoas  and,  hence,  on  the  plats:  n  a  0  aad  v  e  0.  The 
(electracaodnctive)  flnid  is  then  moticaless  tad  the  qnaaiity  oBAi  (Lorenz  fosoe)  vanishes  in  this 
fimit. 

Farther  moce.  the  reaction  of  the  indaced  eiecnic  field  span  the  incident  nMgacSic  field  is 
neglected. 

In  gensral  (3-D),  the  steady  stalt  form  cf  the  energy  eqnelion  on  be  written  is: 

div(wT-agiidT)»0,  (4) 

where  o  e  k  /  (p  Cp)  is  the  thermal  diflhsivity  aad  w  is  the  3-D  velocity  field.  It  it  potsible  to 
introduce  n  vector  potential,  B(x.y,z)thica>fhitectaL' 

cntlHsw T-a giwlT  . 

Tbii  quantity,  labeled  'healfhnciion'  was  iolrodaeed  bv  Bejan  [6]  for  the  2-D  florvs  in  Canenan 
cootdinaies  aiid  nsed  tbereafiar  to  evidence  the  hem  tmnsfei  piocets  in  convective  medii  When  w  a  0 
(i.e.  pore  condaction)  H  raducee  to  the  clasaical  heat  flux.  The  headtinction,  as  a  visual  aid,  is 
rwirnpiiMct  In  he  mpvrinr  tn  the  ienlliemial  lepreiantslion  in  conveclion  heat  ttisisfer  [8, 9.  10], 

From  the  point  of  view  cf  the  fieukanenui  thumm  of  vtaor  fi»Uts  PI  in  2-D  proUemt  His 
coinpMely  defined  through  (S)  since  (me  can  easily  check)  div  H  ■  0.  In  the  specinl  case  of  the  2-D 
boundary  layer  (eqs.  1-3),  eq.  (5)  reduces  to: 
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For  the  similarity  boundaiy  layen,  [13]  an  analytic  solutioa  for  H  is  available: 

wMie. 

H= - -  -H  ' - . 

pCpU.(T.-To)LReL'’^ 

is  the  nondioiensional  heat  ftnsctian  amt 

S<»l)  =  f('!)«(»l)  +  j^-0  (n).  (19) 

ia  the  shniibrtry  Antfifaneriofi . 

The  pttt  of  the  problem.  oqs.(l  IX  ( 12X  (13)  was  written  as  an  autonoomns  system 
of  CH3Es  and  solved  nstni  a4‘*/  Sh  order  adaptive  r|-step  Rnage  Kmia  algorithm  with  etior  conaol 
per  t)-«ep  (toiennce  see  to  10'*).  A  firM  mn  was  eatried  oat  with  f*(0)=l  (assnmed  value)  and  a 
second  (final)  ran  with  P(0)  =  f(Hiiif)'^.  based  on  the  invariance  piopetty  of  eq.  (11)  mentioned 

before.  Since  dassicaUy,  >){.->  3  we  set  T|nif  =  20  (a  asfeHimt)  and  kept  it  throughoat  the  analysis. 
The  second  pait  of  the  prahiem,  the  tempemcnie  field,  was  then  solved.  Again,  the  Range  Kntta 

algorithm  and  the  trial-and-enor  scheme  was  nsed  to  integrate  eqs.  (15)  and  (16),  written  as  an 
ainnnotnotis  system  tf  ODEs  and  to  pin  point  the  appiopiiate  inilial  cooditioti.  6t0).  The  needed  fiii) 
fiinctiatE  was  obtamed  throngh  a  locally  parabolic  intetp^oo  scheme  of  the  tabnlaied  ootput  for  the 

flow  phase.  At  this  suge  H  ( S,  y )  can  be  compnted  nsing  fin),  9(11),  fi(Ti)  flocally  parabolic 
■ntetpolslioas)  and  the  analytie  fon^  ( 17). 


(17) 

(18) 


Rgnre  2  shows  the  mfluenoe  of  the  magnetic  field  on  the  convectiao  system  via  f(ii)  (the  u- 
compaoeat  of  the  velocity)  for  Ha  =  0.;  OJ;  1.;  1.5;  2. 

Farafliadsiichassiljecii.witfaps  2330kf iir3.v=43-10«m2s->.aadUss  lemrl,L  = 

1  cm  this  woold  mean  Bo  *  0;  S;  lO;  15;  20  mT.  Hguie  3  shows  the  comsponding  6(ri)  profiles  when 
Ha  =  0.;  05;  1 .;  15;  2,  for  siiicon  (Pr  =  1 A8). 

Nosselt  number,  defined  [6]  through  Nu  =  -k  (dT/dy)^  /  (Tq-  T.)  und  plotted  in  Fig.  4, 
evidcaoes  a  clear  leductioa  in  the  heat  absorbed  by  the  cold  wdT  Oat  can  specnlam  that  in  the  limit 
wbra  Bo  -V  •  ttiere  win  be  only  a  cooductinn  region  in  the  boundary  layer  and.  hence,  the  Nn  number 

(ratio  cooveetiOD  /  condoctiotr)  will  teach  an  asymptotic  valae  -  this  tread  is  qipoient  in  Fig.  4  too. 

^  •“*  ®  *1®*'  9  { &  y )  *‘1  H(k,y)  fortheHawO  and  2  cases  under  investigalion. 
The  temperature  contour  plocs  indicate  an  irmrorin^y  cold  boundaiy  layer  tegirm  for  increasing 
vataes  of  the  Ha  number.  No  other  trend  is  tetdily  distingiasbable  fiom  tbm  plors  (H^  5b  and  6b) 
while  tim  contour  plots  for  the  beatfunction  offer  some  mote  subtle  insights  in  the  true  path  of 
oonvectioa  His^  tliey  arc  otthogoaal  to  the  wall  infeating  that  at  this  surface  the  heat  transfer  is  only 
through  conductiao.  For  imeasiBg  Ha  uumben,  this  ortbogormlity  is  wHcpdrd  to  a  larger  domain  • 
comh^og  is  ptedomiaani  over  the  tisoispott  component  in  the  eaer^equabon.  The  beatiines  density 
is  deoeusiBg  with  the  Ha  nuiDber  iadica|^  a  odder  boundary  layer,  as  the  oonitant  temperature  lines 
suggest  too.  The  effect  of  the  imposition  of  a  magnetic  field  ia,  for  short,  equivalent  to  a  shift 
(decrease)  in  the  Pr  number  for  the  fluid  -  an  appment  inocssing  of  the  ccadncdcm  part  io  the  overall 
heal  transfer  process. 
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la  thii  Andy  we  lepocted  die  modified  Blaaos  eauadoo  to  iaelude  the  ptetence  of  a  qiecific 
(fait  deeaymg)  exienal  magaetic  field.  The  lesulting  {irofUea  (velociqr  aad  lempenture)  maintain  the 
aelf  aaiilafity  prepeitjr. 

Although  m  thia  woifc  we  addrrsHxl  only  the  cold  isoifaennal  waD  (Tohlhaiuen  problem),  it  is 
clear  that  thia  approach  ia  applicable  to  all  other  theimal  cases  (based  oa  Blosius  flow  solutions) 
known  to  peeaerva  this  nofMty  -heat flux  walla,  etc.  [12]. 

Tm  degree  of  Aptatuae  from  the  veiodty  aad  temperatme  master  profiles  (no  magnetic  field) 
can  be  mnaitOTed  thnogh  the  vaiiatiaa  of  the  Ha  (Haftmaan)  group.  Qualitatively,  a  second  *knee’ 
appears  when  Ha  wO  in  the  velocity  profile,  while  the  mn>|  IT  latiwe  profile  kaepa  the  same  shape. 

The  heatlinea  prove  to  be  more  sensitive  than  the  iarMheims  to  the  changes  in  the  flow 
sinicima.  The  orthogcoality  to  the  iautheiuiil  pioe  is  onMiahnt  wi^  the  hypotteis  OT  viscous  flow 
(adherent  to  the  wall).  This  shows  that  die  hui  itaatfer  is  only  throng  dmusion  (no  tempennire 
convectkm)  A  the  pUite  levcL  When  Ha  >  0  the  heat  liaes  ‘orthogonality  Ms  apparcat  in  a  larger  zone 
aad  their  density  decreaaes  -  it  ia  a  stem  that  the  magnetic  drag  of  the  flow  rednces  also  the 
tempersBue  convection.  The  diffusion  eoiarpaw  in  tte  overall  hast  transfer  it  larger  in  the  presence 
of  the  magnetic  field.  This  festmwtne  not  etsilytfistingiiisiialile  in  dteHtstical  isothermal  chsttt. 

The  decrease  in  the  overall  heat  tnnsfer  process  is  confirmed  through  the  decay  experienced  by 
the  Nn  (Nnaacit)  group  too.  The  afiect  of  an  external  magnetic  field  can  be  sought  as  an  artificifi 
Asenaaeof  thel^  (raodtl)nBttfaer  of  the  fluid. 
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Alatnut  -  A  uoifonn  amy  of  closely  spaced  perfectly  conducting  thin  strips  has  a  backicattering 
pattern  with  a  maximum  relative  sidelobe  level  of  aboiit  -13  dB.  We  present  a  method  of  using  a 
genetic  algorithm  to  strategically  remove  some  of  the  strips  in  this  array  to  yield  the  lowest 
backacatteting  sidelobe  level  possible. 


INTRODUCTION 

A  closely  spaced  grid  of  thin  strips  has  a  backscaitering  pattern  very  similar  to  that  of  a 
periectly  conducting  plate  of  the  tame  size.  Increasing  the  spacing  between  the  snips  increases  the 
resistivity  of  this  stmcture  as  seen  by  the  incident  wave.  Consequently,  the  peak  scattering  return  is 
reduced  but  the  relative  sidelobe  levels  remain  ftiriy  ctmstam.  Once  the  spacing  between  the  strips 
gets  too  big,  the  back  scattering  pattem  no  longer  resembles  that  of  a  flat  plate. 

One  possible  method  of  reducing  the  backscaitering  sidelobe  levels  is  to  nonunifbimly  space 
the  strips  in  the  grid.  The  ncmunifbim  spacing  spatially  tapers  the  cunent  distribution  across  the  grid. 
If  the  distribution  of  strips  is  most  detiK  in  the  center  and  gradually  thins  towards  the  edges,  then 
certain  strip  geometries  may  lower  the  backscaitering  sidelobes. 

This  paper  investigates  opcioiis  to  lower  the  sidelobes  of  an  amy  of  thin  nript  by  thinning  the 
populaiioa.  in  other  words  by  lemoving  some  of  the  strips  in  a  uniform  grid.  Thinning  is  used  in 
inttana  amys  to  lower  the  sidelobe  levels  in  the  far  field  pettem  of  the  amy.  Usually,  however, 
1  method  is  used  to  thin  the  amy.  Here,  we  apply  a  genetic  optimizatioa  algorithm  [1]  to 

arrive  at  an  ideally  thinned  distribution  of  str^  that  reauhs  in  the  lowest  backscattering  sidelobe  level. 

FfXtMULATlUN 

Consider  an  amy  of  uniforaily  qmced  strips  as  shown  in  Fig-rre  1 .  The  strips  are  infinitely 
long  in  the  z-directian  and  have  a  oenter-cf-sorip  to  ceater-of-stiip  separation  of  d  and  each  drip  has 
a  wkkh  of  2w.  Only  backicaltering  is  couriered,  so  the  direction  of  the  incident  wave  and  the 
direciMn  of  scattering  ate  given  by  d.  The  incident  plane  wave  has  an  electric  field  polarized  in  the 
z-diiection  and  hu  a  ""g****^  field  oonnalized  to  one.  The  currents  induced  on  the  strips  are  found 
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from  *0  integnl  equaiioti  foimuluioii  given  by 


J  J,  ex'*  /tf’  ( 2*  I  Jt.-x' I )  dx' 


where 

x'  •  disuoce  in  wavelengths 

l,(x’)  >■  current  density  on  snip  n 

2w  •  strip  width  in  wavelengths 

Ho*’’  ~  zeroth  order  Hankel  flinction  of  the  second  kind 

X.  -  distanoe  in  wavelengths  to  center  of  strip 

d  ~  angle  of  inctdence 

The  current  density  is  found  iising  point  matching  with  pulse  busis  fonctions.  Excellent  results  were 
ohiaiised  with  three  pulses  per  strip.  Once  the  current  is  found,  the  backscaitering  RCS  is  calculated 
from 


<x(d) 


Figure  2  is  an  example  of  a  bickscattcring  pattern  of  a  foUy-populaied  array  of  strips.  The  strip  width 
is  2ww0.037X  and  the  spacing  between  strip  centers  is  dwO.IX,  where  X  is  the  wavelen^.  Its 
maximum  relative  sidelobe  level  is  -13.3  dB.  Our  goal  is  to  reduce  the  maximum  sidelobe  in  this 
berkscanering  paiteni  by  removing  strips  from  the  anay.  The  new  thinned  amy  of  strips  has  a 
tapered  current  density  across  the  array. 

OFnMDONG  THE  GRID  USING  A  GENETIC  ALGORITHM 

We  begin  with  the  unifonn  grid  having  the  hackscanesiDg  pattern  shown  in  Figure  2.  The  idea 
is  to  lower  the  relative  beckscittering  sidelobe  leveb  by  tesnoviog  strips  from  the  grid.  Thus,  the 
width  of  the  tiripi  and  apneing  between  strips  is  an  integer  multiple  of  d  .  The  grid  is  encoded  into 
a  string  of  binary  bia  dM  is  called  a  gene.  A  *1*  in  the  gene  indientes  the  strip  is  present,  while  a 
*0*  indicaies  the  strip  is  gone  (Figure  3).  Each  gene  has  a  unique  backscaitering  peaetn.  The 
objective  fiioctian  to  be  miaimiiad  is  the  lowea  maximum  relative  sidelobe  level  in  the  heckscattering 
pniteni. 


The  genetic  algorithm  sans  with  a  landooi  set  of  M  geaes  [2].  Each  gene  cnniiins  the 
infonaatiaa  for  whether  e  nip  is  present  in  the  amy  or  not  aad  hu  in  assocttied  maximum  relative 
sidelobe  level.  The  genes  are  tanked  from  the  minimum  sidelobe  (geaelicaUy  superior)  to  the 
maximum  relative  sidelobe  level  (genetically  inferior).  Genes  in  the  bottom  h^  of  this  list  are 
discarded.  The  remaining  genetically  superior  genes  male  aad  fonn  new  offspring.  Mating  takes 
place  between  two  genes  when  the  genes  swm>  genetic  material  and  form  two  new  genes.  A  random 
bit  is  lolecMd  for  each  set  of  parents.  The  pareats  exchange  the  bits  to  the  right  of  the  selected  bit  to 
form  two  oRtprings.  Now,  there  are  M  genes  of  which  M/2  ire  geneticaUy  superior  from  the 
pnviout  list  awl  M/2  are  the  offspring  from  theae  genes.  Oim  fiiml  step  is  to  laatkimly  mutate  a 
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smll  peioeaCi|e  of  the  biu.  Anutation  joit  chinges*  *1*  tot  *0*  on  *0*  toe '1*.  This  mutation 
is  an  unponaot  stop  in  the  aiforithm,  because  it  helps  the  ilgoiithm  avoid  local  minima. 

Geoedc  algorithms  are  slow.  On  the  other  hand,  they  search  for  a  global  minimum  ano  can 
handle  a  huge  number  of  unknowns.  In  addition,  they  are  well  suited  to  optimizing  problems  with 
discrete  paiameters. 

OPTIMIZED  GRID  OF  STRIPS 

The  genetic  algorithm  it  applied  to  the  unlfbim  arny  of  40  strips.  Starting  with  BO  genes  and 
opthniziiig  over  8  generations  pro^ces  a  genetically  superior  gene  given  by  [I  00001  II  101 
OllOllOllllOllOllOlOllllOOOOl].  The  thinned  array  represented  by  this 
gene  now  conaista  of  only  24  strips  but  has  a  relative  sidelote  level  of  -17. 1  dB.  Figt.tre  4  shows  the 
beckaeaneting  pattern  of  the  optimiaed  array.  Note  that  the  peak  RCS  is  also  reduced,  because  40% 
of  She  strips  were  removed  frm  the  grid. 
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101  0111  1110101 

Figure  3  Gene  aMociated  with  an  arra.r  of  uniformiy  spaced  strips.  A  "I" 
indicaica  the  strip  is  present,  and  a  ”0*'  indicates  a  strip  is  absent 


rigure  4  Baefcseettering  pattern  of  a  thiniicd  array  of  40  strips  with  d=0.l>. 
and  2w^L037X.  There  are  24  strips  present  and  16  removed.  The  relative 
siddofee  level  b  -17.1  dB. 
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This  paper  diacussaa  a  new  antenna  optimisation  software  package 
developed  for  personal  computer  based  workatetions.  The  Numerical 
Electromagnetics  Code  OPTimisation  design  software  package  (HECOPT)  is 
a  new  and  innovative  approach  for  designing  antennas .  Most  previous 
antenna  modeling  software  has  been  only  concerned  with  the  analysis  of 
antennas  where  Che  user  could  test  or  determine  Che  perfomance 
characteristics.  For  designing  antennas,  one  still  needed  to  either 
test  different  designs  by  trial  and  error,  or  apply  "handbook* 
approaches.  The  computer  is  an  extremely  powerful  tool  which  is 
utilized  to  dramatically  accelerate  the  optimization  process  in  NECOPT. 

Circuit  analysis  codes  use  the  same  methods  that  \im  now  apply  to 
antenna  analysis  softwaro  to  produce  a  package  that  can  optimize  the 
design  of  antennas.  The  circuit  analysis  cools  have  been  very  useful 
over  Che  traditional  methods  of  circuit  design  and  have  made  a  major 
impact  in  analog , digital  and  microwave  circuit  design.  We  have 
incorporaCad  the  powerful  techniques  used  in  circuit  design  codes  and 
have  produced  antenna  design  software  which  works  with  the  wall  tested 
NEC  antenna  analysis  package.  Using  this  package,  the  user  can  provide 
design  goals  for  tha  antenna  and  the  computer  will  perform  an  iterative 
adjustment  of  user  selected  parameters  on  the  antenna  to  achieve  the 
final  results. 

The  implementation  of  this  package  has  bean  achieved  using  highly 
accurate,  fast  and  flexible  optimization  techniques  which  act  as  s 
driver  for  the  NEC  analysis  software.  The  user  crastss  a  data  input 
file  vary  similar  to  tha  standard  NEC  data  fils  and  indicatas  which 
parts  of  the  file  are  to  ba  considartd  the  variablas  for  tha  computer 
to  iteratively  adjust  in  order  to  achieve  s  desired  performance  goal . 
The  user  can  set  limits  for  the  variables  in  order  to  maintain 
"realism*  for  the  final  design.  After  the  desired  performance 
characteristics  have  been  established,  the  computer  will  begin  an 
iterative  adjuetment  of  the  parameters  until  the  goals  are  realized. 
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The  NECOPT  eoftwere  package  consists  of  a  quasi-Newton  optimizer 
integrated  with  a  double  precision  version  of  N£C2  and  the  required 
interfaces  to  provide  the  necessary  conmimicacior.  between  the  two 
sections.  Both  constrained  and  unconstrained  optimization  is  provided 
by  the  optimizer.  User  input  is  provided  by  a  series  of  command  lines 
similar  to  standard  NSC  input  which  are  appended  to  a  standard  NEC 
input  file.  The  input  section  defines  all  the  desired  design  goals, 
variables,  and  optimization  parameters.  In  addition  to  optimization 
the  NECOPT  package  hae  the  ability  to  sequence  any  variable  defined  in 
the  NEC  input  file  over  a  specified  range  of  values.  This  may  be 
useful  for  developing  design  curves  or  performing  a  worst  case 
analysis.  Ths  intermediate  valuee  of  the  variables  and  goals  may  be 
output  to  a  plot  file  for  further  proceaslng  or  graphical  analysis. 


(MALS 


Goals  in  the  NECOPT  system  define  what  paramatars  the  user  is 
interested  In  optisilzing  or  examining.  Four  different  NEC  output  types 
may  ba  saoplad  and  proceasad  with  the  NECOPT  package,  far-field 
patterns,  naar-fleld  pattams,  source  impedance,  and  segment  currents. 
For  each  goal  there  are  many  options  which  select  specific  parts  of  the 
desired  NEC  output  data  or  define  the  processing  to  be  performed  on  it. 
The  many  options  provide  a  generic  end  versatile  interface  to  nearly 
every  type  of  NEC  output  data.  High  level  characteristics  such  as 
gain,  pattern  beemwidth,  VSHR,  front-to-beok  ratio,  and  many  others  may 
be  chosen  for  optiraizetion  and  output  processing. 

Multiple  goals  may  be  specified  for  the  same  run  of  the  HECOFT 
peekage.  Each  goal  may  be  aeparately  weighted  to  allow  the  user  to 
balance  the  algniflcance  of  each  goal  to  meet  the  specific  needs  of  the 
problem  at  hand. 


PMXULIS 

Variables  Idantify  which  paranetars  of  tne  NEC  input  file  are  to 
be  optimized  or  changed.  Three  types  of  variables  are  available  to  the 
user,  optimization  variables,  function  variables,  and  step  variables. 
Variebles  mey  specify  any  non-integer  quantity  in  a  NEC  input  file. 
Items  such  as  geometry  position  and  length,  loading,  excitation,  and 
frequency,  may  be  defined  by  variebles. 

Optimization  variables  ere  controlled  by  the  optimizer  end  are 
automatically  adjusted  to  meet  the  defined  goals.  The  range  of 
optimizer  variables  may  be  limited  by  user  input  bounds. 

Function  varlablea  are  used  to  define  one  variable  in  terms  of 
other  previously  defined  variables.  They  are  not  part  of  the 
optimization  process.  Th^  only  serve  as  an  aid  in  defining  the  user's 
input  structure.  Function  variables  are  particularly  useful  for 
varying  the  size  of  symmetric  input  structures,  or  other  structures 
where  relative  proportions  must  be  maintained.  They  allow  non-physical 
parameters  to  be  optimxzad  or  scanned. 
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step  variables  are  sinply  sequenced  from  an  initial  value  to  an 
end  value  by  the  optimizer.  They  are  useful  for  sweeping  a  parameter 
and  observing  the  corresponding  output .  When  combined  with  an 
appropriate  output  selection  they  may  be  used  to  determine  worst/best 
case  performance  over  a  given  range  of  one  or  more  parameters. 


BXANPLK 

This  example  demonstrates  the  use  of  the  NECOFT  package  in  the 
design  of  an  optimum  3-elamanC  Vagi  antenna.  The  only  design  goal  was 
to  maximize  the  front-to-back  ratio  by  changing  the  lengths  of  the 
director  and  reflector  elements .  The  element  spacing  was  fixed  as  was 
the  length  of  the  driven  element.  The  element  radius  was  fixed  at 
l.OE-4  wavelengths.  Table  1  contains  a  summary  of  the  Vagi  parameters, 
and  Figure  1  contains  a  diagram  of  the  structure. 

Figure  2  contains  a  surface  plot  of  the  problem  space .  Step 
variables  in  the  HECOPT  package  were  used  to  step  the  reflector  and 
director  lengths  over  the  complete  matrix  of  values.  Reflector  length 
is  shown  on  the  Y-axis ;  director  length  is  shown  on  the  X-axis;  and  the 
front -to-back  ratio  is  shown  as  the  surface  value  or  the  Z-uis.  The 
optimum  front-to-back  ratio  of  22.4  dS  is  obtained  with  a  reflector 
length  of  0.499X  and  a  director  length  of  0.457X.  From  Che  figure  it 
is  apparent  that  there  are  several  other  local  maximum  points  on  the 
surface . 

The  optimizer  was  used  to  find  the  optimum  location  from  several 
different  starting  points.  Because  there  is  more  than  one  local 
maximum  in  the  problem  space,  the  optimizer  will  find  different 
solutions  depending  on  the  choice  of  starting  point.  Figure  2  shows 
the  optimization  paths  taken  when  the  variables  were  constrained 
between  Che  specified  bounds.  The  paths  shown  in  Figure  2  start  with 
a  circle  and  terminate  with  an  X.  The  paths  are  overlaid  on  a  contour 
map  of  Che  surface  shown  in  Figure  1.  The  optimizer  is  very  well 
behaved  in  this  mode.  When  the  optimizer  reaches  a  local  maximum  point 
on  a  boundary  it  terminates  without  wasting  conqputation  time  searching 
for  solutions  which  are  not  desired. 

Figure  4  shows  the  optimization  paths  whsn  Che  variables  are  not 
constrained.  For  the  unconstrained  esse,  depending  on  the  initial 
starting  point,  the  optimizer  may  waste  valuable  computation  time 
searching  for  undesired  solutions  which  are  out  of  bounds.  This 
situation  will  depend  on  the  initial  starting  point. 


caHCLnsioxs 

This  software  package  represents  a  major  breakthrough  as  compared 
to  the  antenna  design  methods  currently  available.  The  ilECOFT  package 
brings  the  proven  analysis  power  of  NEC  together  with  optimization  to 
create  a  powerful  new  design  tool  for  antenna  engineering.  The  NECOPT 
package  significantly  expands  the  users  ability  to  develop  an  optimum 
antenna  design  in  a  timely  fashion. 
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!  rigur*  l  3-El«inanc  Yagi  (  dimenaiona  in  wavelangctis  ) 
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NEGGPT^anntYAfil 


Figura  2  Froni-to-baclc  ratio  of  3-el«meat  Yagi. 
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One  of  the  leseetch  piojecis  of  PGAN-FHP  is  sn  expenmeaisl  VHF-iader  which  is  used  to  study 
spedfle  ptobleiiii  of  low  ftaquency  lader.  Since  the  MiF-band  is  mainly  used  for  mdio  communications, 
tte  proMem  of  motaal  inieifereiioe  of  radio  services  sod  radars  has  to  be  solved  if  the  benefits  of  low 
flntpKncy  radar  arc  to  be  exploited.  Hen,  a  tttethod  has  been  developed  to  avoid  munial  imerfetence  by 
tpectrally  shaping  the  basic  radar  signal  waveform  in  order  not  to  transmit  radar  energy  at  fiequency 
ranges,  whfain  the  radar  signal  baitdwidth,  when  a  namw  band  radio  transmission  has  been  deteaed. 
The  basic  radar  signal  is  a  linear  fiaqueocy  rtmdulaied  pulse  (dtitp)  of  2  MHz  bandwidth. 

The  basic  chirp  poise  is  tpectrally  shaped  so  that  spectral  nocebes  occur  at  fiequencies  of  radio  services. 
Ttns,  by  receiving  the  radar  sig^  echo  with  a  marched  filler,  shaped  in  the  same  manner,  neither  the 
radar  is  affected  by  radio  transmissiotu,  nor  radio  services  snffor  frem  radar  interferences. 

The  deteedan  propertiet  of  the  radar,  however,  are  siroogly  affocted  by  dus  pulse  shaping.  Unwanted 
sidetobes  occur  and  can  mask  weaker  targets.  To  counter  this  effect,  fUrtl^  shaping  of  the  signal 
spectrum  is  applied. 

2.  Spectral  Signal  Shaping 

The  basic  radar  signal  is  I  linear  fiequency  modulated  pulse  (chirp)  of  2  MHz  bendwidth  and  a  duradon 
of  16.4  psec,  yiekling  a  pube  cottqtiessioo  factor  of  32.  The  tadir  pulse  is  sampled  at  3.9  MHz 
tesaldng  in  64  samples  per  pulse.  In  the  fiequency  domain,  the  spectrum  of  the  sampled  signal  consiris 
of  64  fiequency  samples.  The  2  MHz  band^th  of  the  pulse  is  repiesenied  by  32  fiequency  samples 
with  a  qteeital  tetolurian  of  60  kHz. 

To  adapt  the  radar  dgnal  to  the  present  interference  situadon.  a  spectral  analysis  of  the  electromignedc 
eavitoomeat  it  condnemd  tttiiii  a  fM  Fourier  rtansfocm  (H’T)  algctithm.  This  spectrum  is  compared  to 
a  given  threshold,  mnildiig  in  a  weightinf  vector  w(0  whkh  is  set  to  zero  at  those  spectnl  samples, 
where  the  intetfctenoe  ezoeeds  the  thseshold  aad  which  is  set  one  elsewhere.  The  vector  w(f)  is 
itailtiplied  with  the  agnal  spectrum,  producing  spectral  notches  at  the  fiequencies  of  inierfetenoe.  Hg.l 
shows  the  low  pass  repeeseniadon  of  an  interference  spectrum  (a)  and  the  shaped  spectnun  of  the  basic 
efaitp  pulse  (b),  adapted  to  the  interference  situadoo.  In  dm  dme  domain,  the  spectral  sh^ting  can  be 
regarded  as  an  amplitude  and  phase  moduladon  of  the  radar  pulse.  Fig  2  shows  a  block  diagram  of  the 
spectral  shaping  process. 
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..  1  - - -  I  , 

b)  >lgn«l 

(chirp 


Fl(.l  a)  iiKcrfcrtnci  (pcctrum,  Fi|.  2  block  diagram  of  spectral 

b)  shaped  signal  spcctniffl  shaping  process. 

3.  Distortiao  by  Shaping 


The  choice  of  the  radsr  wavefoim  is  subject  to  several  requinments,  one  the  most  vital  is  a  point  target 
response  with  naitow  a  peak  and  low  sidelobes  after  compression.  Here,  the  Doppler  tolerant  chirp 
wsnfomi  was  chosen  as  a  starting  point.  The  signal  properties,  like  a  narrow  main  peak,  low  sidelobes 
and  Doppler  tolerance  can  be  displayed  in  the  so  called  ambiguity  fimetion.  It  is  defined  as  /!/ 

A(t4,f<j)  •  l5£o(tddi)|2 


where  Xg  is  the  Grt>ss.ooiielatiaa  fimetion  of  the  radar  signal  and  its  dopplershitted  versicn.  denoting 
the  time  delay  and  ^  dermting  the  Doppler  drift  fteqoency.  Fig  3  shotvs  the  ambiguity  function  of  a 
chirp  aignal  of  S  MHz  bandwidth  and  10  psec  duiilion  for  diflereal  Doppler  shifts  fd,  as  an  example.If 
an  interference  situation  is  assumed  and  the  radar  signal  is  spectrally  shaped  to  avoid  transmissioo  in 
disnnbed  areas,  the  andiiguity  function  is  subject  to  changes,  too.  Depen^g  on  the  spectral  location 
and  bandwidth  of  the  insertewnces  within  the  radar  signal  bandwidth,  the  Doppler  tolerance  of  the  radar 
signal  is  affected,  as  well  as  the  tune  sideiobe  structure  of  the  ambiguity  fimetioa.  Since  it  VHF-tarlar 
bequeiKies  Doppler  fiequency  shifts  are  small,  even  for  ^  targets.  lU  interesting  Doppler  frequencies 
are  within  the  mainlobe  of  the  ambiguiiy  function.  Hg  4  shows  a  small  section  of  the  inAiguity  function 
for  a  spectrally  shaped  ladar  signal  with  +-  3kHz  Doppler  shift  region,  indicating  a  negligible  distonion 
of  the  main  peak  due  to  spectral  shaping. 
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FIcJ  Anbifuliy  taoellan  of  th«  basic  chirp  signal  for  different 
Doppler  shifts  with  respect  to  the  signal  bandwidth  f^/Af. 


Fig.  4  Main  peak  section  of  the  ambiguity  function  of  a  shaped  chirp  signal. 
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e.ae  ze.ee  Ae.ee  ee.ee  lee.M  lee.ee 

time  samp  lee  ->  t/250  nsec 

Fig.  5  •)  Autocoirtketioa  ikin'  aon  of  oilgInBi  chirp  lignal  with  Inntltnt. 


.ee  2e.ee  ^.ee  ee.ee  ee.ee  iee.ee  lee.e^; 
time  samples  ->  t/250  nsec 


Fig  S  b)  Aulocorrcl'  U«a  Ikinction  of  ihaped  ihirp  tignal. 
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F^l  S  e)  Sptetnim  of  lha  thapad  algnol. 

Senotts  radar  parfonnanoe  degradadon,  however,  can  be  expected  bom  inoetied  sidelobes  of  the 
compieaaed  pulse.  la  Agnn  it  the  autocomlation  (baction  of  the  ongiiial  cfaiip  ngnal  (a)  is  compand 
to  that  of  a  tigaal  apoemlly  shaped  to  avoid  intarfsnncc  (b).  Since  in  the  discussed  system,  the 
ttaiiitnilMT  is  ssnichad  with  every  poise,  the  transient  of  the  naaxmiiler  has  the  efiect  of  a  weighting 
Ibncdoo  00  (he  signal  smoothing  the  leading  and  trailing  edges  of  the  pulse.  The  adaptation  to  four 
inserhsing  souroes  covering  20  1b  of  the  signal  bandwlthh  causes  an  unacceptably  high  sidelobe  level. 
Figum  S.e  gives  dm  spectrum  of  the  shaped  signal,  showing  4  notches.  The  sidelobes  would  ma''; 
weaker  targets  in  the  adjacent  range  cells.  Hence,  the  radar  signal  hat  to  be  modified  in  a  way  that  the 
sidelobes  of  the  autocorrelation  Amction  ate  reduced  to  a  reasonable  level  without  loosing  its  spectral 
notch  structure. 

4.5igiial  Optlmisatien 

The  problem  of  optimal  shaping  of  the  radar  signal  under  the  coottraints  of  interference  avoidance  and  a 
(educed  sidelobe  level  could  not  be  solved  analytically,  yet  Though,  a  leasonable  approach  to  solve  the 
psoblem  is  the  so  called  random  walk  method  which  is  loiown  bom  evolution. 

The  method  b  baeed  on  the  random  mutation  of  one  of  the  32  complex  spectitl  samplet,  representing 
the  eigwl  bendwidth,  at  a  tiine.  For  the  musation.  (list  a  maximiBn  mutation  stepwidth  S  is  set  and  a 
complex  number  Cq  b  geueiatad.  The  teal  and  the  imagintky  pan  of  Cq  are  landoinly  disoibuied 
between  -8/2  and  Another  call  of  (he  landont  generator  yialds  the  random  position  of  the  sample 
to  be  mutaind  mider  (he  oanstraim  that  e  mutitiao  within  tha  predefined  notches  b  rejected  and  a  new 
trial  b  conducted.  The  choien  spectral  sample  $((„)  b  idded  to  the  mutation  step  c^.  ftuming  the  new 
sample  S(fn).  To  check  the  new  signal  wavefotm  s(i).  a  84  step  FFT  (Fast  Fourier  Transform)  b 
applied  to  tlM  spectrum  5(0. 
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The  autoconelMion  function  lCo(i<|)  It  calcuiaMl  as  the  iniefnl 


Xoltd)-  J  S-(f>S(r>eJ2>rt'ddf 


using  the  equiveient  sum 


64 

Xo(td)»  if  X  IS(rn)|2 

a«-«4 

The  tetuliioi  auioeoiTClaiion  taietion  Xo^'*)(td>  it  then  compand  to  the  tuioconelation 
function  Xo<'>-0(td)  prior  to  the  mutatian,  aeeatdiai  to  the  chaeee  opiimiiaiion  rniehon.  Mutatiooi. 
leading  to  deterionciont  an  negleeled,  tboea  Itiertinl  to  impnvamaBts  an  nttiaad.  After  an  improving 
tnutatioa,  the  tequeocc  itaitt  over  agaia  with  the  new  ipcctnim  S(f)  as  the  basic  signal  Dunng  the 
optimisaiion  run,  no  FFT  is  used  (or  the  ealealaboii  of  the  new  si^ial  wavtfotm,  iiisiead  it  a  sufficient 
to  replace  only  that  teim  of  the  sum  Xoft^)  containing  the  mutated  lanple  S(fn)  After  the  final 
mutation  step,  the  signal  waveform  is  cakuland  again,  using  an  FFT  algonthm.  It  ii  then  used  as  the 
present  radar  pulse,  adapted  to  the  interfeience  situation  and  opunissd  for  reduced  sidelobes.  The 
optimisation  oiterion  that  is  used  widiBi  the  nndom  svnllt  sequence  h  dependent  on  the  desired 
propettiet  of  the  autoearrelaiion  ftmetion. 


S.  Opthnlsatiaa  criteria 

Three  optimitalion  criteria  have  bean  eaanuaed  for  the  reduction  of  the  sidelobes  of  the  autocorrelation 
function  of  a  spectrally  shaped  ladar  pulse. 

1 .  Maaimiialian  of  muin-lo-sidalobe-taU'i 

2.  Maximum  siinUtiity  with  a  sample  ftmetion 

2.  Maximum  siiiiilarity  with  an  idani  generic  model  funciioa. 

For  tU  of  the  opomisation  criteria,  the  opcimisadon  is  conducted  under  the  constnunt  of  not  aflecring 
the  tfmia<«at  phase  of  the  pulse.  The  crileiioQ  of  ‘mexiraisetioo  of  the  main-io-sideloiie-faiio*.  fust  of 
aD.  requires  a  definilioo  of  the  extinaien  of  the  imenlobe.  Hare,  the  mainlobe  is  d«fl»«d  to  sitcch  from 
the  center  of  the  maximutD  to  the  ceater  of  the  frnt  local ""»-"»«»  symmatricilly  to  the  center  of  the 
meximnni  All  santpSas  of  the  tutnoarelmiaB  ftnetion  btynnd  the  first  local  tnaumaDi  are  re|aided  as 
sidelobei.  Since  a  genetil  effieet  with  the  radoction  of  sidriobet  is  the  bcuadaning  of  the  mainlobe  the 
mainlobe  area  his  to  be  apdeied  sriih  every  improving  rnuusion.  The  saennd  and  third  oprimisation 
criteria  me  based  on  a  diffcient  principle.  Tte  diflUicncc  between  the  aeiocotielarion  ftmetion  of  the 
ratitiied  rigiiel  and  thm  of  the  nmdal  ftmeikm  is  cnlcalaied  sad  dimiiMSiians  of  the  diflbienGe  after  a 
mutation  arc  regitded  as  iiiqnoveiiwott.  Deviant  shapes  of  the  mamlohes  of  the  two  compered 
functions  noimally  yield  larger  diffetetioe  or  eiior  values  than  a  lack  of  sisnilarity  in  the  sidelobes. 
Hence,  since  reduced  sidelobes  are  a  desired  propeity.  the  errors  in  the  sidelobes  are  assessed  higher 
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than  thow  bi  dM  tnainWir.  The  umpk  function  choMo  for  the  Ofitiiiiisiiion  wu  the  lutoarrrelMion 
haoitin  of  a  enihe^ed  chirp  pulee  with  mniiaot.  having  low  tidelobes  In  the  caie  of  ming  a  generic 
node)  functioB,  w  auiocanciMiae  fttoction  ler etnbling  a  Di'ac  impulse  was  applied  for  comparison. 

6.  Paraaatar  SanaMlvliy 

Kandou  walk  maihods  ane  .  in  general,  seasiuve  to  the  chotce  of  parameters  like  starting  value  and  step 
width  The  nanbet  of  iiaiations  is  of  less  imponancr.  .  though  (here  is  a  threshold,  depending  on  die 
choice  of  the  other  'wnnietan.  liniiing  the  cost  effecuvetifis  of  futther  improvements.  Little  influence 
ciai  be  fecognusd  »y.in  the  etsoioc  of  different  staning  values,  too.  It  is  uuigmficaot.  which  of  the 
•pactni  samplfe  is  mastsad  fim.  The  mmehen  elep  width,  however,  has  a  deciding  factor  for  the 
lacceu  of  the  random  walk  signal  opdtnisatkm.  It  is  hardly  piedictable,  if  the  staning  position  -  befoic 
da  tint  mkioo  -  ia  in  the  vierkv  of  the  globtl  maiuflaun  or  a  local  one.  Hence,  the  mutation  sttr 
wiM  hta  M  ba  high  moagh  lo  that  the  vidaky  of  a  local  oaximum  can  be  left  and  it  should,  or  the 
oihar  hMd,  bt  low  tnoegh  to  avoid  Mapping  ftam  one  local  mixunam  ana  to  the  next  with  every 
■DMaiion,  and  to  stay  ■  tha  viciaky  of  the  gkibal  maitiiiaiin,  caoe  thb  asca  is  reached.  Ssvetal  mutation 
IMP  widdis  have  bean  oied,  at  wail  as  diffcranl  lUMcgias  n  alter  the  sample  which  is  to  te  mutated 
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Fig.  d  a  AaSecerreiaaeo  fisntSfon  of  shnped  signal  after  MOOO  heratiou  S  >  2S. 
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Fig.  6  b  Autocomlatian  fnnctiaa  of  shaped  signal  after  lOraO  iterations  E  e  100. 

Some  niutatian  .strategies  have  been  rejected  a:  not  being  snccessfiilL  Among  them  were  the 
multiplicatiao  with  a  landom  factor  or  changing  the  real  and  imaginaiy  component  by  the  same  factor, 
at  well  as  changirg  only  one  of  the  complex  components  The  choice  of  a  maximum  mutation  step 
width,  given  by  an  empiiicaUy  detemiined  value  his  proven  to  be  a  good  conqnomise  since  large 
mutation  steps,  enabling  sigidficani  changes,  ate  posable  as  veil  as  smaD  variations  for  a  closer 
approach  of  a  maximum.  The  pcinciple  influenoe  of  the  nutation  step  tvidth  is  demonicraied  in  figure  6 
for  the  two  values  5]  s  2S  and  So  ^  100,  when  toe  criterion  of  maximum  main-to-sidelobc  ratio  is 
applied.  With  0  J  E]  being  eqtol  to  the  maxiraam  tpectial  stn^de  of  the  nnwdghsed  pulse,  the  mutation 
steps  ate  in  the  order  of  imgriirnH^  of  the  real  and  imagmery  part  of  the  spectral  samples,  while  S2 
allows  mutation  steps  larger  than  the  spectral  signal  an^litude  which  requires  more  flexibility  in  the 
signal  genentinn.  Hguie  6a  shows  the  aoioconelarion  functioii  (aU)  of  the  shaped  signal  after  lOOOO 
iieratiotis  with  S  «  2S  (solid  line}  compared  to  the  akf  without  signal  cplimisatica  (dashed  line).  Figure 
6b  shows  the  akf  before  (dashed)  and  after  (solid)  optinnscsion  for  S  =  100.  The  larger  mntaiion  step 
width  achieves  a  better  aidelobe  suppression  at  the  expense  of  a  broader  mainlobe  and  higher  signal 
amplitudes. 
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7.  Rctullf  aod  Condusions 


Numerous  siinulaiioiis  have  beeo  made  with  different  inteffeieooe  scenarios.  Here,  one  typical  scenario 
with  4  ioterferenees,  coveting  20%  of  the  signal  isandwidth,  shall  be  legaided  to  compare  the  different 
opdmisation  criteria.  In  figure  7,  the  result  of  the  opdinisatiOD  after  10000  iterations  with  £  =  100  is 
displayed  for  the  case  that  the  deviation  of  the  akf  of  the  shaped  signal  from  the  akf  of  an  unshaped 
chirp  with  transient  is  imnimiaed.  Figure  8  shows  the  result  of  the  minimisaaon  of  the  deviation  from  an 
ideal,  Diiac-like  akf.  The  reference  functions  are  represented  by  the  dashed  lines  These  criteria  may  be 
successfully  applied,  if  a  narrow  mainlobe  is  the  most  important  demand.  The  maximisation  of  the  main- 

dtn  Ifnum  mrrar  u  ILK  r«ap«eL  to  roforonco  fuActlon 
LA  torforonooo  .39-  .40;  .60-  .70;  1 . 00- 1 . 10: 1 . 40- 1 . 50nHz 
n  c  ut'  igh  Lug 

ehtrpalgnol  mtLh  LronotonL 

LtoPoilOAo:  1C00O  focLor  :  100.0 

opLlffliood  t Imo  oldolobo  roLlo  13.03  db 


Fig.  7  Aulocomlatfcm  ftinctioa  of  abapad  signal  after  IMOO  itcndoiia. 

Ciiiariaa:  Minimisatian  of  deviatiOQ  from  rtfertnee  fkiisction. 

tb-siddabe  ratio  always  lends  to  lower  the  sidelobes  at  the  expense  of  a  broadened  mainlobe,  as  shown 
m  figure  6.  Usini  the  lattes  criterion,  alter  30000  iterations,  a  sideiobe  level  of  -24.63  db  compared  to  - 
22  db  for  the  uastupedpulae  with  transient  can  be  reached.  The  signel  shape  has  significanUy  changed, 
both  in  the  specnal  and  tune  damain  but  the  notch  structme  is  still  maintained,  as  shown  in  figure  9.The 
widdi  of  the  has  increased  by  a  fietoi  of  3,  reducing  the  range  resolution  of  the  radar  by  1/3. 

This  is  shown  in  figure  10.  In  thUe  1,  three  stepwidths  S  w  23,  SO  and  100  ate  compared  for  iterations 
ranging  from  1  to  30000. 
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TaUe  1;  Main>to-iidciobe  ratio  in  db  u  fuction  of  stcpwidth  and  number  of  iterationi 


itantigo!.  1  SO  100  500  1000  SOOO  10000  50000 

siepwidth.. _ 

6=25  8.52  10.76  11.73  14.53  15.14  16.38  16.64  17.01 

6=50  8.52  9.33  9.97  13.53  14.73  15.60  16.55  18.91 

6=100  .  8.52  10.52  11.14  18.46  19.34  20.40  20.69  24.63 


A  fiiither  approach  to  the  opiiniisaiion  was  made  using  a  weighting  hwetion  on  the  shaped  signal  beiVir: 
stalling  the  mutations.  Tbe  fim  trial  was  conducted  on  a  Hamming  weighted  chirp  signal.  The  ttvtlr 
given  in  figure  1 1  does  not  seem  to  be  too  promijing.  but  further  work  using  other  weighting.  tdrns 
and  stepwidths  will  be  dorm  in  the  future.  Regarding  the  ingrlementadon  in  tbe  expain  leaut  rjdar 
processor,  the  iteialioo  time  is  an  important  aspect.  Tbe  epu^une  far  the  calculaiion  ot  tin  outunised 
siptal  with  50000  itervion  is  about  12  seconds  on  a  486  processor.  For  real  tune  nptiiri.iadon  of  a 
radar  signal,  a  specialized  DSP  type  signal  processor  would  take  1  second,  <a  dun  thi:  ^aiptuion  of  the 
radar  signal  to  the  present  interference  situation  could  be  done  within  one  upd'<*c  p.sriod  of  a  search 
radar. 


Mtn  tirium  •rror  w  t  Lh  r««paet  to  LSoo  :  ot  t 

to  torroroocoo  ,30-  ,40:  .60-  .  70: 1  .00- 1  . 10:  1  -  40- 1  ,  S.lfTr-s; 

A o  igh ting 

chlrpalgnol  with  tranalant 
Itaroliona:  10000  factor  •:  100.0 
optlmiaad  tlma  aldaleba  ratio  15.14  db 


Fig.  8  Autocorrelation  faoctlon  of  shaped  signal  after  10040  iterations. 

Criterion:  Minimisation  of  deviation  from  Dirac-like  akf. 


287 


*>  f/'62.S  iHi  ttflM 

Flf^  Signal  ipectnun  ud  envelope  after  SOOOO  Itcratioas  fi  B 100. 


r^«3(  Iffltya  t  len  of  ma  In  **  to  -  a  ld«  I  eb«  ratio 
;ft  larfarancaa  .32-  .-43;  .60-  . 70;  1 . 00- 1 . 10;  1 . 40- 1  . S0^r*a 
no  wa  Igh  t  lag 

ehlrpalgnal  ultK  tranatar.t 
ltan‘atlono:  S0000  faet«>^  :  100.0 
optlmlaad  t  im  aldolobo  ratio  24.63  da 


FigJO  Autocorrelation  function  of  shaped  signal  after  SOOOO  iterations  6  s  100. 


‘  !7S:  .  ia= 1  ■«- 1 -seriH. 

ch  Irp*  lo***  *  HanvnLftfl  kj«lghV\nft 

ch  tr‘p<  Iflfta  i  u  V  Lh  tr  «n  •  !.•«  t  ,  ^ 

.UroHoi..:  10000  f«cUr  :  1«®:®  „  ^ 

ODt^wl«»d  I  Im*  iW^lob*  r®tlo  15,42  ob 


Flg.ll  AutocorretaBon  ftuiction  of  Hamniing  weighttd  chirp  after  10000  iterations  6  »  100. 
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Optimization  Techniques  Applied  to  Electromagnetics 


F.  M.  Luidstoifer 
Isjtitut  lur  HoeMrequeutechiiik, 
Univertity  of  Stuttgart,  Germany 


1  Introduction 

The  hiitory  of  electrical  enpneeiin^  ii  itrongly  connected  with  the  dbcovery  of  the  baaic  laws 
of  electr  jmagnetic  field  theory  by  Ampere  and  Faraday.  This  development  found  its  climax  and 
preliminary  end  by  the  contributiorts  of  J.C.  Maxwell  and  H.  Hertz  at  the  end  of  the  19th  century. 

While  the  theory  of  electromagnetic  fields  and  waves  has  been  well  understood  since  this  time, 
its  application  to  engineuring  problems  remains  a  challenge.  Contrary  to  the  ambitions  of  natural 
sciences  such  as  physics,  it  is  synthesis  rather  than  analysis  that  is  required  for  solving  typical 
engineering  problertts.  Out  of  many  possible  solutions  we  are  looking  for  the  optimum,  either  by 
applying  out  professianal  experience  or  by  using  mathematical  optimization  techniques  or  -  most 
Ukely  to  succeed  -  by  a  combination  of  both 

In  the  following,  some  examples  will  be  given  to  demonstrate  the  potential  of  mathematical 
optimization  methods  for  solving  electrouagnetic  problems  in  an  -  at  least  partially  -  new  way. 


2  Mathematical  Optimization  Routines 


The  overwhelming  majority  of  electromagnetic  engineering  problems  can  be  characterized  by  a 
number  of  parameters,  which  can  be  arranged  in  a  vector 


X  =  {z,,I,,Z3-..Z,)  (1) 

and  have  to  be  chosen  in  such  a  way  that  a  certain  function 

which  depends  on  these  parameters  and  acts  as  a  quality  criterion,  will  become  a  global  minimum 
or  maximum  depending  on  the  situation  given.  Generally  this  optimization  process  will  have  to 
be  performed  under  consideration  of  certun  side  constraints.  It  should  be  noted  that  there  is 
presently  no  method  available  to  yield  a  global  extremum  with  any  certainty  and  that  only  when 
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vriving  at  the  same  solution  from  different  starting  points  some  confidence  can  be  placed  into 
its  global  nature. 

If  f  has  only  two  parameters  Zi  and  i],  /'(£)  can  be  represented  in  a  3-D-plot  as  given  in  Fig.  1 
and  the  optimization  process  consists  in  finding  those  values  of  i)  and  Z]  for  which  F(x}  becomes 
a  minimum.  With  the  majority  of  examples  to  follow,  a  conjugate  gradient  method  with  line 
search  was  used  as  it  showed  faster  convergence  compared  to  other  methods  such  as  conventional 
gradient  techniques  or  the  Simplex-  method. 


Figure  1:  Minimizing  a  function  of  two  variables  with  the  conjugate  gradient  method 


3  Coaxial  Resonator  Shaped  for  Maximum  Unloaded  Q 

Conventional  coaxial  line  resonators  as  shown  in  Pig.  2a  have  constant  i.tner  and  outer  diameters 
and  a  length  of  A/2.  By  properly  shaping  the  inner  conductor  while  the  outer  conductor  and  the 
resonance  frequency  remain  constant  (Fig.  2b),  it  should  be  possible  to  obtain  a  higher  value  of 
the  unloaded  Q.  For  the  analysis  of  this  problem  a  variational  technique  is  utilized  [Ij.  For  any 
coaxial  line  resonator  with  rotational  symmetry  the  resonant  wave  number  can  be  given  by 

+  ... 

* 

Equation  (2)  contains  the  magnetic  fielditrength  only.  L  is  the  area  in  the  longitudinal 
section  of  the  resonator  between  inner  and  outer  conductor.  As  at  resonance  corresponds  to 
an  eigenvalue,  equation  (2)  is  stationary  and  can  be  found  by  means  of  the  Ray/eigh-Ritz 
variational  technique.  For  a  given  shape  of  the  longitudinal  section  of  the  inner  conductor  (the 
outer  conductor  remains  unchanged)  ff,  can  be  approximated  by 

N 

>  (3) 
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///////////. 

Figure  2:  a)  Conventional  resonator 

b)  Resonator  shaped  for  maximum  Q 

wltaie  Hi  daaotei  I'J  different  buii  functioot  end  Cj  N  different  unknown  constents.  For  basis 
functions  monoinss  of  the  conveniently  standaidised  coordinetes  fi'  end  x'  ere  chosen.  Inserting 
e-'uetion  (3)  into  (2)  end  setting  the  pertiel  derivetives  of  this  expression  with  respect  to  c,  equal 
to  xero,  e  set  of  tineer  equetions  is  obteined  whose  solutions  give  the  unknown  constants  c,  and 
consequently  the  megnetie  field  from  which  the  unloaded  quality  factor  Q  of  the  resonator  can 
be  computed 

For  the  optimisetion  process  the  sh^e  of  the  inner  conductor  is  approximated  by  straight-lined 
segments  whose  boundary  coordinates  form  the  parameter  vector  z  to  be  varied  for  maximum  Q. 
In  order  to  simultaneously  fulfil  the  side  constraint  of  constant  resonance  frequency,  the  length 
of  the  resonator  is  considered  a  variable  as  well. 

The  final  resonator  as  pvea  in  Fig.  2b  offers  an  almost  10  %  increase  in  unloaded  Q  as  compared 
to  a  conventional  one. 


4  Shaped  Dipole  Reflector  Antenna 

Shaping  wire  antennae  for  optimuin  perfarmanee  baa  been  dealt  with  in  [2].  Hen,  aa  an  example 
lor  bioidband  problems,  optimization  of  the  UHF  nfieetor-interma  ea  thown  in  Fig.  3a  will  be 
discussed.  Its  El-  and  H-  plane  radiaUon  pattenu  are  pven  in  Fig.  4a.  By  a  proper  shaping 
of  tefiector  and  dipole  of  tins  antenna  it  should  be  possible  to  reduce  the  couadersbie  frequency 
seisitivity  particularly  in  the  H-plsne.  For  this  purpose  the  reflector  is  modelled  by  a  wire  grid 
and  the  computations  axe  done  with  NEC  [4].  For  the  numerical  optimization,  a  quality  criterion 
hac  to  be  defined,  which  helps  to  decide  wether  an  actual  antenna  shape  is  better  or  worse  than 
another.  The  squared  deviation  of  the  radiation  pattern  C  from  a  desired  pattern  defines  error 
functions  Fb  and  Fh  for  the  E-  and  H-pIanes. 

E  E  w 

iml  fwl 
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Figure  3:  Conventional  (a)  and  shaped  (b)  reflector  antenna 


E  E  ’’‘51’  (5) 

"  i«  *■! 

Frequency  U  Mmpled  4t  n  different  points,  the  rsdistion  patterns  at  m  or  p  different  angles, 
respectively.  The  two  given  error  functions  Ft  and  Fa  are  combined  via  the  weighting  factors  ui, 
and  tV],  which  balance  the  different  sensitivities  of  the  error  function.'. 

In  order  to  avoid  nonphysical  solutions  during  the  optimization,  a  so-called  penalty  concept  is 
applied.  The  penalty  function  P,  becomes  active  (i.e.  large]  when  the  side  lobe  level  exceeds 
a  certain  level  and  thus  turns  the  optimization  procedure  away  from  the  ’prohibited  area”, 
further  penalty  function  Pp  ensures  that  the  parameters  do  not  assume  values  that  would  lead  to 
weird  geometries.  The  whole  quality  criterion  function  is  now  given  by  the  weighted  sum 

F  »WiFB  +  taiFii +  ti>iP,  +  V)tP,  (6) 

and  will  be  minimized  in  the  course  of  the  shaping  process. 

The  shape  of  the  dipole  in  the  coordinate  system  of  Fig.  3  is  given  by  a  spatial  vector-function 
of  the  form 

«  e,  ({ly’  +  fiy')  +  e,y‘  +  e.O.  (7) 

with  half  the  dipole  length 

I  «  -/(^i  -  +  (Si  -  .  «>nst.  (8) 
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Fi(U(«  4:  lUdiatioii  pkttanu  ow  aa«  oct»ve  (or  the  utenou  of  Fig.  3»  (4)  uid  Fig.  3b  (b) 


Asiumiog  lymmetry  to  tb«  plana  y  »  0  and  a  «  0,  the  ihape  of  one  quarter  of  the  reflector  is 
given  by  a  spatial  vector-function  of  tbe  term; 

^-(<0  ■  iwp(v,*,(i)  +  e,y’  +  e.t'.  (9) 


The  chosen  polynomial  is 

P(|/.  * .  {i)  «  4iv‘  +  {<»’  +  +  fs»‘  +  {ry’  +  Cl**  +  (s**  +  Cio*’  +  Cii**  +  {»*’ 


f. 

*t.yi 

*i.y> 


unit  vectors  in  the  directions  of  the  cutaian  coordinates, 

parameters  of  the  shapit^g  function, 

location  of  the  dipole  center, 

location  of  the  dipole  end, 

polynomial  that  giva  the  shape  of  the  reflector. 


(10) 
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Tha  tMult  of  th*  optimiMtion  procui  U  ihows  in  Fig.  3b  and  Fig.  4b.  It  it  posiiblc  to 
obtain  nearly  {tequency-independent  radiation  patterns  over  a  one  octave  bandwidth  with  the 
optimised  shape  of  dipole  and  reflector.  Tbit  holds  not  only  in  the  E-  and  H--plane  but  also  in 
three  dimensiontJ  space. 


5  Omnidirectional  Array 

Antennu  consisting  of  dipoles  in  front  of  a  reflecting  screen  ate  often  arranged  in  arrays  around 
a  central  matt  in  order  to  provide  omnidirectiottal  radiatioit  for  FM-  and  TV-stations  [Fig.  J). 
On  the  assumption  of  proper  individual  radiation  charactnistics,  the  overall  radiation  pattern 
of  the  array  would  be  omnidirectional,  only  if  the  phase  centers  of  the  different  array  elements 
were  located  in  the  center  of  the  mast.  As  this  is  not  possible  with  this  type  of  antennas,  the 
radiations  of  the  different  elements  of  the  array  superimpose  in  a  bequancy-^ependent  way.  The 
resulting  deviation  from  the  ideal  omnidirectional  patten  is  the  "ripple*,  which  it  measured  in 
dB.  Fbr  an  antenna  of  the  type  shown  in  Pig.  3,  which  consists  of  a  fiat  straight  broadband  dipole 


Figure  S:  Array  of  4  reflector  antennu  with  flat  V-dipolu  arranged  round  a  central  mut 

in  front  of  a  reflecting  screen  with  a  central  ridge,  the  maximum  ripple  over  an  octave  bandwidth 
it  around  5  dB  with  a  mut  diameter  in  the  order-  of  2A  at  center  frequency.  As  this  antenna 
is  already  in  practical  use,  only  small  variations  of  iU  geometry,  such  au  a  tilt  between  the  two 
halva  of  the  dipole  and  a  change  of  the  distance  dipole-reflector  could  be  contemplated  in  order 
to  optimise  the  oronidirectiooal  pattern.  The  analysis  wu  carried  out  using  a  computer  program 
develoj^  by  Jakobus  (6],  based  on  the  method  of  moments  (3),  modelling  dipole  and  reflector 
with  triangular  patcha  u  shown  in  Fig.  J  and  using  buis  functions  for  the  surface  currents 
according  to  Rao  et  al.  [S|. 

Fig.  6  shows  Chat  by  proper  choice  of  tilt  or  bend  angle  and  distance  of  the  flat  dipole  to  the 
reflecting  screen,  the  maximum  ripple  within  an  octave  bandwidth  can  be  reduced  by  a  factor 
greater  than  two. 
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Figure  6:  Ripple  of  omnidinetiosal  pettem  over  dipole  bend  ugle  end  distence  from  reflector 

6  ILS-Glidepath 

Fig.  7  thowi  the  3D-modeUio|  by  Irisngulu  pitches  of  the  ipptoich  ares  of  in  lirport  with 
instrument  landing  system  (ILS).  Greatly  simplified,  the  interference  between  an  antenna  array 
installed  abeam  the  intended  touchdown  lone  and  its  mirror  image  with  respect  to  the  ground 
produces  a  null  of  the  electrical  fieldstrength,  which  acts  as  a  guiding  line  (instrument  glide  path) 
for  landing  aircraft.  With  uneven  terrain  in  the  approach  area  the  mirror  image  becomes  blurred 
and  the  glidapath  will  show  deviations  from  the  ideal  straight  line,  which  until  now  could  only  be 
compensated  by  changes  in  antenna  position  and  phase  after  lengthy  trial  and  error  procedures. 
With  a  new  optimisation  tacbniqus  (7|  baaed  on  an  extended  UTD,  all  antenna  paraitietert  can 
now  be  determined  in  advance  and  intermediate  calibration  flights  have  become  diipei  sable. 
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SESSION  7: 


FINITE  ELEMENT  METHODS  (H) 


Chair:  Jin-Fa  Lee 
Co-Chair:  John  Volakis 


Hybrid  Finite  Element-Modal  Analysis  of  Jet  Engine  Inlet 

Scattering 


Daniel  C.  Ross,  John  L.  Volakis  and  Hristos  T.  Anastassiu 

Radiadon  Labonioty 
Univmity  of  Michipn 
Ann  Afbv  MI  48109-2122 

•fcawrt-AocuinienuinerictltlmuUtion  of  fidiriciweringftotn  jet  engine  Inlets  i»  of  vitnl  impor- 
tmce  for  tn^et  identificatian.  Hijh  fiequency  lechniqiiet  fail  due  to  the  complexity  of  the  engine 
face.  A  hybrid  finite  element-modal  tn^J  U  preaetiled.  Only  the  repon  of  the  inlet  directly  adja¬ 
cent  to  the  engine  face  is  considered  for  the  finite  etemem  portion  of  the  solution,  which  it  assumed 
to  have  a  cireular  cross  section.  The  finite  element  method  it  used  to  find  a  genenlized  scattering 
matrix  for  an  N-pon  repieaentatioa  of  the  engine  fiioe,  where  N  is  the  number  of  traveling  cylindri¬ 
cal  waveguide  niodes  in  the  inlet.  Itnpottant  implementation  issues  ate  addressed  including:  the  use 
of  an  opdintzed,  fictitious,  material  absorber  to  truncate  the  FEM  mesh,  and  an  examination  of  the 
suitability  of  node-based  or  edge-bated  elements.  Results  are  shown  for  some  benchmark  configura¬ 
tions. 


1.0  Introduction 

The  simulatiQn  of  ndu  scattering  from  jet  engine  inlets  is  an  hnpoctam  step  towards  the  character- 
ieation  of  aircrafk  structures.  While  high  frequency  techniques  can  aocntately  tinuilate  many  scatter¬ 
ing  mechanisms  on  a  typical  aircraft,  these  techniques  ate  not  suitable  for  resonant  or  guiding 
structures  such  as  antennasfradomes  and  jet  engine  inlets.  The  engine  face  is  an  intricate  target,  pos¬ 
sessing  coroplex  geometrical  features  at  the  wavelength  level  or  less,  and  is  therefore  inappropriate 
for  high  frequency  analysis.  By  comparison,  the  finite  elemem  method  (FEM)  [1][2]  is  well  suited 
for  the  analysis  of  geotnettically  complex,  inhomogeneous  volumetric  targets  such  as  the  engine 
face.  However,  in  spite  of  its  inherent  0(n)  storage  demand,  the  FEM  analysis  would  still  require 
prohibitive  camputadoctal  lesouroes  were  it  to  be  also  used  for  rrwdeling  the  volume  enclosed  by  the 
inlet  leading  to  the  engine.  By  coupling  the  finite  element  method  (applied  at  the  engine  face),  to  a 
high  fieqnency  ray  or  modal  technique  (to  propagate  the  fields  in  and  out  of  the  inlet),  an  efficient 
method  is  developed  for  analyzing  the  inlet  and  engine  configuration. 

Of  importance  in  this  analysis  is  the  interface  between  the  ray/modal  and  FEM  methods,  and  the 
truncation  of  dK  finite  element  mesh.  Given  that  the  inlet  cross  section  near  and  at  the  engine  loca¬ 
tion  is  circular,  and  our  desire  to  propose  an  efficient  and  flexible  coupling  scheme,  the  coupling  of 
the  FEM  and  lay  fields  in  this  paper  is  accomplished  via  the  genenlized  modal  scattering  matrix. 
That  is.  the  FEM  analysis  generates  the  modal  scattering  matrix  which  can  then  be  interfaced  with 
any  high  ficquency  technique  for  computing  the  engiiie  scattered  fields  without  reference  to  the 
geometry  of  the  jet  engine.  Regarding  tl.e  troncatioii  of  the  FEM  mesh,  several  schemes  are  consid¬ 
ered  including  absorbing  boundary  conditions,  the  unimoment  method  and  a  new  artificial  broad¬ 
band  absorfacT,  with  the  later  found  most  effective  for  this  applicaiion.  The  suitability  of  edge-based 
and  node-based  elements  for  this  applicaiion  is  also  present^. 
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XO  Finite  Element-Modni  Formulation 

Consider  ihe  thiee-dimensianil  csvity  configursiion  shown  in  Figure  1.  The  cavity  is  excited  by  an 
srbiim y  fieid  (typically  a  plane  wave)  through  its  opening  at  the  left  side  and  is  assumed  to  have  a 
coaqikn  geometrical  configuration  (an  engine)  at  its  right  end.  We  are  inteiested  in  computing  the 
field  scattered  by  this  complex  cavity  termination  due  to  a  given  excitation  which  is  assumed  to  be 
specified  at  the  1^  pinioning  of  the  cavity.  In  our  analysis,  the  cross  section  of  the  cavity  is  assumed  to 
be  arbtmry  and  of  diameter  greaKT  than  a  free  space  wavelength  up  to  the  connectivity  boundary  as 
shown  in  Hgure  1.  Beyond  this  oonnectivity  botmdary,  the  cavity's  ouier  perimeter  is  sssumed  to  be 
chcula' hot  may  encloae  complex  geetnenricalcenfiguratioiisMrt  as  an  engine.  Since  the  cavity  is  cir¬ 
cular  at  the  oannecdviiy  boundary,  the  incident  and  acanered  fields  can  be  decomposed  into  cylindrical 
waveguide  inodes  and  a  genctalixed  scattering  inairix  can  be  found  to  replace  the  entire  ponion  of  the 
goomcOy  to  the  right  of  the  'xtonectivity  boundary. 

The  genetallaed  tcatreting  rtuttix  [5]  of  a  given  termination  relates  the  coefficients  of  the  incoming 
modes  to  the  coefficients  of  the  corresponding  outgoing  nodes.  That  is 

[5]  {a}  =  {fc}  (1) 

where  the  etemena  of  the  veews  {<l}snd  {fi.}  sresur^ly  the  eoefficienis  of  the  incoming  and  out¬ 
going  modes  respectively.  We  tetnatfc  rhai  if  the  connectivity  boundary  is  placed  a  disonee  from 
the  cavity  lertttination,  only  prapagating  modes  need  be  considered  wilhout  compromising  accuracy. 

3.0  Finite  Element  AiuUysis 

The  ttaditianal  FEM  analysis  involves  (he  solution  of  the  time  harmonic,  weak  form  of  the  wave  equa¬ 
tion  in  a  bourtded  volurrrerric  region  of  space.  Being  a  partial  diffeteniiai  equation  method,  the  FEM 
analysis  leads  to  spine  manices  (with  about  lOtojOoQttzeroeonriespertDwlandpcmiaibemodel- 
ingrf  complex  inhoowgeneout  regions  without  a  need  for  special  care  and  considcaiions.  For  our 
problem  at  band,  the  FEM  aralyss  regiaa  is  shown  in  Figure  2  and  is  seen  to  extend  a  bil  beyond  the 
coiuiectiviry  boundary  F  lo  a  rnesh  tenninitron  boundary  P.  On  P  it  is  necessary  to  enlbme  an 
absariang  boundary  condition  (ABO  or  sorrte  other  mesh  tetmtnadon  Kheirre  which  enjuies  the  out¬ 
going  namte  of  ihe  waves.  Thar  is,  P  must  be  a  non-roflecting  boundary  and  this  will  be  discussed 
later  in  rtUKO  detaU.  We  lemuk  ihit  the  cross  section  between  F  and  P  is  again  assumed  circular  for 
this  amlyxis  but  (his  assumption  has  no  bearing  on  (he  actual  cavity  of  Figure  1. 

On  the  basis  of  the  FEM-modal  fontnilation,  we  ate  imeresied  in  cooqtuting  the  fields  scattered  by  the 
cavity  lottiinition  due  to  die  modal  excitation 

The  total  field  in  the  FEM  region  is  then  given  by 

+  r  (3) 

and  the  unknown  scattered  electric  field  satisfies  the  weak  wave  equation  (see  for  example  ( 1  ],[2]  and 
[41) 
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(hxTii^) 


}ds  + 


>L% 


(V-ff*)  (^.f) 


jiiv  = 


(4) 


in  which  itpiesena  the  smfice  over  dielectric  boundiry  discontinuitier  between  regions  of 
(Uffierem  nngnetic  permeability.  Note  that  points  inan  to  and  only  material 
discontinuities  within  the  scatterer,  not  the  hctitious  absorber  coniribule  to  the  boundary  integral  on 
r^.  Also,  the  third  term  on  the  left  hand  side  of  (4)  is  the  usual  penalty  term  which  ensures  that  the 
diverftnce  onwditkin  be  satisfied  in  the  Oaletkin  least  squares  sense. 


4.0  Implementation  of  the  FEM  Solution 

Oteadog  naer-otiented  and  efficient  software  to  implement  the  above  FEM  formulation  requires 
that  a  number  of  issues  be  addressed,  First,  the  mist  appropriate  shape  and  elements  must  be  cho¬ 
sen.  Also,  since  the  problems  will  be  large,  efficient  pre-processing  software  imist  be  created  to 
exma  (fttan  a  given  mesh)  informatian  needed  so  enforce  the  boundary  condiiions.  This  includes 
finding  metal  wrfaces  and  edges,  oornets,  nontuls,  material  disconiinuiiies  and  the  elements  on  the 
connectivity  boundary.  It  is  also  ettreial  lo  develop  preprocessing  algorithms  that  run  in  0(n)  time 
fbr  a  general  mesh,  lb  this  end,  an  efficient  preprocessor  has  been  created  for  extracting  relevant 
infonnatian  fitxsan  atWasiy  ihice-dintensianal  letrifaedrai  mesh  [3]. 

£lraaenti  mad  Field  Capenafoin 

There  are  two  classes  gf  field  expansions  that  could  be  used  with  tenahedral  elements:  node  based 
and  edge  based  expansiocis.  Edge-based  elements  are  a  better  choice  than  node-based  elements  for 
the  eigenvalue  problem  because  standaid  node-based  elements  cannot  accurately  represent  the 
eigenvectors  (fields)  that  oorrespond  to  aero  eigenvalues.  All  of  the  eigenvalues  that  should  be  zero 
(one  for  each  imemal  degree  of  freedom)  have  some  small  non-zero  value  when  using  standard 
node-based  elements.  This  large  scale  degeneracy  causes  considerable  numerical  proUetns  when 
computing  the  eigenvalues  especially  for  laige  systems.  When  using  edge-based  elemenu.  the 
eigenvalues  are  cleanly  split  into  zero  siul  non-zero  groups  thus  illeviating  much  of  the  numerical 
probtems  [3].  (That  is,  the  zero  eigenvalues  ire  idendcally  zero.) 

Although  edge-based  elements  are  indeed  better  for  eigenvalue  problems,  the  best  choice  of 
elemems  for  ihree-dimenskNiil  scattering  analysis  is  not  clear.  Both  classes  of  elements  were 
considered  (node-based  and  edge-based)  for  this  problem. 

N«Je-tta*d  tltmtnls 
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When  mini  lines’  node  bmed  elemenB,  the  scnnered  held  is  given  by 
4 

u  =  1 


where 


J^=N^  =  A^Uy.r) 

are  the  samtnrd  scslsr  sha|ie  funetiaas  [I]  nnd  nnd  are  the  components  of  the  vector 
degrees  of  fteedoro  associated  with  each  of  the  four  iKdes. 

By  numerical  expeiimenudon  was  found  that  boundary  conditions  for  these  elements  mun  be 
impleinented  carefully  to  avoid  deterioratioo  the  system  condition.  For  a  node  lying  on  a  conductor, 
two  tangent  vectors  can  be  defined  ftom  the  surface  normal,  such  that 


?2E*  =  -I2P"' 


where  ?t,  ■jt  denote  the  onhonotmal  unit  vectors  tangent  (o  the  metallic  surface.  There  ate  many  pos¬ 
sible  ways  of  coupling  the  global  equations  to  enfctce  the  boundary  conditions  (5),  but  there  is 
always  a  best  way  which  preserves  the  system's  condition.  If  the  brandaty  conditions  ate  enforced 
arbitrarily,  it  is  ^xrssible  to  completely  destroy  the  condition  of  the  sysvm  and  to  geuetate  wrong 
results.  The  following  procedure  will  guarantee  a  well  conditioned  final  system: 


Given  the  metal  surface  notmal  ii  it  the  node,  find  the  two  tangent  vectors  t)  and  t2  as  follows 
•if  IJxftl  >0.15  then  set  ij  * 

ly  X  «i 


else  sett]  » 


jxw 

llxSI 


t]  X  H 

|r,  X  ^ 

•Given  the  ihrcc  global  equations  for  and  at  the  node 


-  find  the  laigra  componmt  of  tj  (x,  y  or  z)  and  replace  the  coiresponding  global  equa- 
don  with  tj  ■  ■  -i]  ■  £*"' 


-  find  the  largest  component  of  i;  (a*  y  or  z)  and  replace  the  corresponding  global  equa¬ 
tion  with  fj  -  F  =  -fj  • 


Mg*->as€d  ebaunti 
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The  fint  order,  vector,  edge  bued,  tetrahednl  elcn«ROi  given  in  Figure  5  expand  the  unicnov.n  field 

as 

a  ■  1 

where  N git  tie  vector  ihipe  functioa  lewKiMed  with  the  ■*lh  edge.  The  scaler  degrees  of  freedom 
Eg  refer  to  the  cwnponeiu  of  the  acanered  field  direccd  along  the  a‘ih  edge. 

These  elements  were  initleiiiemed  for  the  inlet  ttnninalian  scattering  ptoblem  and  woe  found  to 
break  down  when  the  acattend  field  wupoelyTE  (no  zeomponent  of  the  scattered  electric  field). 
Hiit  breakdown  is  highly  mBsh  dependant  and  izBinifcsied  in  a  poorly  oonditiooed  global  system, 
deafly,  if  a  vector  field  at  the  ceaierof  a  given  edge  of  an  element  is  orthogonal  to  that  edge,  edge- 
based  eieinentt  eannot  represent  that  field  and  yield  a  singular  system.  When  a  large  volume  is 
filled  with  a  fiee  tenahedral  mesh  and  the  solution  is  ptsely  TE,  apparently  a  nearly  singular  system 
ftuty  result 

Since  it  is  the  job  of  the  FEM  to  find  the  modal  coupling,  and  since  this  coupling  may  in  some  cases 
be  pure  TC,  die  elemena  must  he  able  to  accurately  leptesent  a  pure  TE  field  while  at  the  same  time 
reptesent  other  types  of  fields.  Bacsuie  of  the  abow  diificulttes  for  edge-based  elements  in  model¬ 
ing  pure  TE  fiel^  we  lesoned  to  the  node-based  elements  for  this  application. 

Mtah  TtrmimahH  SchMias 

At  the  open  end  of  the  mesh,  the  fields  radtite  into  an  infinite,  cylindrical  waveguide.  The  boundary 
oonditian  at  this  open  end  must  absorb  all  traveling  modes  in  die  guide.  The  most  obvious  choice  is 
to  expand  the  actnend  field  as  a  sum  of  all  oaveling  inodes  and  couple  this  expansion  directly  to 
the  FEM  equadona. 

Let  the  tangential  electric  field  at  the  open  end  be  ^ven  by 

*’•  ») 

w-l 

where  ar  unknown  coefficients  and  is  a  c)'Undrical  waveguide  mode.  Subsrinrtion  of  this 
expansioa  into  the  second  lenn  of  (4)  yields 

{Jkof\f  •  (fi  X  S') )  dj  -» I J  {  if  •  b^il  X  ( Vx  y^)  j}  dr  (7) 

With  the  introduetton  of  the  new  coefficients  to  solve  the  system,  resulting  form  (4),  it  is  neces¬ 

sary  to  construct  addihonal  equations.  These  are  given  by 

f? (J^ y,  Iq)  •  Uy. eo) 

bm  «  -t- - - -  (8) 

fyi,(Jt, y.Zo)  ,(x.y.r,)dr 
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ittd  couple  each  unknown  coefficient  b.  lo  the  fieldi  luocialed  with  nodes  on  P.  This  leads  to  a 
sparse,  square  (f’EM)  system  coupled  to  a  dense,  rectangular  (modal  expansion)  system.  While  this 
scheme  woiked  for  shorted  inlets,  it  was  found  to  be  unstable  to  the  snib  terminated  inlet. 

The  design  of  a  fictitious  material  absocber  to  absorb  all  treveUng  modes  la  complicated  because  the 
impedance  and  piopagation  constants  of  these  inodes  vary  greatly.  The  eight  traveling  inodes  in  a 
guide  of  ladiiM  0.66X.  were  used  to  design  an  optimized  abeorber.  Qeaiiy,  if  the  absorber  were 
allowed  to  be  very  long,  a  nearly  perfect  absorber  could  be  constructed.  However,  since  the 
absorber  will  be  pan  of  the  FEM  mesh,  u  a  design  constraint,  it  should  be  no  more  than  about  a 
half  of  a  ftee  space  wavckngdi  long  to  be  praed^ 

A  Mome  Carlo  opdmizaiion  acaeme  baaed  on  (6]  was  used  that  has  the  desirable  property  of  find¬ 
ing  not  only  the  best  performing  but  also  the  most  srebk  design.  A  five  section,  metal  backed 
absorber  was  used  as  a  slatting  point  with  and  set »  unity  in  each  section.  The  length  of 
each  section  wu  set  initially  so  .iX.  The  IS  perametets  (material  constants  and  lengths  of  each  sec¬ 
tion)  were  varied  landomly,  independent  of  one  inolher.  TVansmissioo  line  theory  was  used  to  cal¬ 
culate  the  reflection  coefficient  for  ea^h  ma  jc  (see  Figure  3),  and  the  tlgebraic  sum  of  reflection 
coefficients  (the  sum  of  absolute  values)  was  used  u  the  global  optimization  parameter.  A  pass/fail 
criteioo  on  the  global  parameter  was  set  to  give  about  a  S0%  yield.  For  each  random  design,  a  pass 
or  fail  was  noted  for  each  parameter  and  after  a  number  of  detigns  have  been  sampled,  a  pattern 
begins  to  emerge.  Some  patamelBS  itidicaie  a  tightening  up  ia  in  Older  since  most  of  the  ‘good’ 
designs  were  centered  about  a  oenain  value.  Other  parameiera  indicate  a  don't  care  condition  as  all 
values  worked  equally  weU.  A  new  set  of  initial  values  and  nnges  is  chosen  and  the  piocess  is 
restarted.  Agaiii,  the  global  panmesar  thieihrM  is  chosen  to  give  about  a  S0%  yield.  This  globel 
threshold  continnes  m  drop  each  iteradoa  until  a  stable  design  is  found.  The  final  design  and  its  per¬ 
formance  is  shown  in  Figure  4.  Note  that  the  reilectiao  coeffidenifor  all  inodes  is  less  than  .1  (-10 
<ffl). 

EtampU:  Cinular  amh  ttrmiimticH 

A  ciicular  stub  terminaied  inlet  was  analyaed  because  this  geometry  also  possesses  a  reference 
mode  matching  aolttlian  rn.  The  absorber  was  placed  0.33X  from  the  stub  and  the  scattering 
matrix  was  ormputed  at  a  distance  of  0.2SX  in  front  of  the  stub.  Figures  shows  a  cut  of  the  vol¬ 
ume  mesh  to  dds  configutation  and  the  co-poUiired  bacfcscatier  patterns  ve  given  in  Figure  6. 

It  was  found  that  the  piopef  handling  of  the  bounduy  condinoas  at  the  inner  edge  (the  rim  of  the 
stub)  was  ctiiicaL  If  ibe  total  field  were  set  to  acre  at  ihu  inner  edge,  die  tesults  were  wile  wrong. 

owever,  if  only  the  component  tangeimal  to  the  edge  (E^)  was  set  to  zoo,  whereas  £,  was 

.mwed  to  float,  the  results  were  much  iinpiDved  and  this  a  shown  in  Figure  6. 

Oiile  the  shown  results  are  in  good  agreeuiem  to  boruontal  polarization,  there  is  somt:  discrep¬ 
ancy  in  the  vertical  polaritation.  Finer  sampling  iiound  f-ai  rim  does  improve  the  comparisons 
lightly  but  with  very  slow  convergence.  The  result  shown  were  obtained  using  a  global  element  size 
of  j^X  and  an  elonent  size  of  ^X  aiound  the  rim 
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nouu  1.  HjMdjM  MViM  talH  ual^ 


FICUKE  2.  Ecflw  tan  n|ioa  wknt  iBltt  (InMM  MUlyib  it  tpplitd 


FIGUItE  1.  IVwwlMiW  IhK  awicl «(  crthidrieil  w»«*|aM«  ahturfetr 


nCUItl  5.  lIlMiilQt  tfM  vota«f  Mffe  f«r  a 
maMM  cytMrkal  cavity  <W  or  Ike  vmtCry  tf  riwwa) 


’  FIGURE  4.  RctoRs  for  a  ctiib  icraiuM  iaiet 
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L  fiMeadmalott 

In  the  lecent  past,  a  number  of  researchen  have  invesligaled  the  use  of  parallel  computers  for 
the  solution  of  problems  in  computational  electromagnetics.  For  ituiance,  in  [1],  Calalo,  Cwik. 
Imbtiale,  Jacobi.  Liewer,  Loclc^  .t.  Lyzenga,  amt  Patterson  discuss  the  implementation  of  an  FDTD 
code  and  the  NEC  code  on  the  Mart  m  Hypercube.  Baikeshli  and  Volakis  present  the  parallelization 
of  the  CGFFT  algorithm  in  [  ].  In  (3],  Bedroaian.  D'Angelo,  and  dcBlois  review  the  implementation 
of  the  T-mantt  method  and  an  integral  equation  technique  on  parallel  compuien.  And  Chatterjee, 
Volaldt,  and  Windbeiser  diacuss  the  parallellzatton  of  a  finite  element  algorithm  in  [4]. 

In  the  pteaent  paper,  a  thiec-dimensiooal  finite  element  algorithm  that  employs  edge  elements 
is  used  in  the  analysis  of  complex  cavities.  The  cavities  may  have  arbitrary  shape  and  loading.  A 
three-dimensional  finim  elemem  formulation  (3)  is  used  to  detemine  the  cutoff  ftequencies  of  the 
cavity.  Edge  eleiiients  are  used  in  order  to  eliminaie  the  possibility  of  spurious  modes. 

Because  the  number  of  unknowns  needed  to  model  s  three-dimensional  region  grows  so 
rspidly  u  the  site  or  complexity  of  the  region  increases,  there  is  a  strong  motivation  to  try  to 
implement  the  numerical  analysis  of  such  regions  on  parallel  computers.  The  use  of  a  parallel 
computer  permits  the  analysis  of  rigniTicantly  larger  cavities  than  those  that  could  be  conveniently 
studied  using  most  seqnentiil  oomputers.  Funhenuoie.  in  some  cases  it  can  also  result  in  a  significant 
speediqi  in  the  numerical  solutiao  prooeas. 

In  this  paper,  the  patiUelization  of  the  ihiee-diraeniional  rmite  element  algorithm  is  discussed 
in  detail.  Results  obtained  on  the  400  node  Paragon  parallel  computer  at  the  San  Diego 
Supeicoroputer  Center  are  compand  to  ihoie  generated  on  the  Cray  X-MF2J216  at  the  University  of 
Mississippi.  Computatkm  limes  are  presented  and  the  advantages  and  disadvantages  of  using  either 
■rind  of  computer  am  disctisard. 

II.  Finite  Elcmciit  Foniulalian 

A  three-dimensional  finite  element  algorithm  is  employed  in  this  analysis.  The  derivation  of 
the  equation  that  is  implemented  in  the  numerical  piocedun  begins  with  Maxwell's  equations  for  a 
source-free  region: 


Mid 

V  X  W  «  jatE.  (2) 

If  each  side  of  (2)  is  multiplied  by  — ,  the  curl  of  each  side  of  the  lesulting  equation  is  taken, 
and  (1)  is  used  to  eliminaie  the  cnil  of  £  on  the  right  hand  aide,  the  resulting  equation  is; 


(3) 


It  is  the  weak  foim  of  this  equation  that  is  iniplenenied  in  the  numerical  pracedure.  The  next 
step  in  the  derivation  of  this  weak  fom  is  to  multiply  each  side  of  (3)  by  a  testing  function  f,-  and  then 
to  use  the  vector  identity  V{Sxb)^B-VxS~a-7x6  to  obtain: 

i(V  X  fi)  •  (V  X  f,)-  •  H  ■  ^  [jT;  x(V  X  #)j.  (4) 


In  the  method  used  here,  the  region  of  interest  is  divided  into  a  number  of  parallelepipeds. 
With  each  edge  of  a  parallelepiped  there  are  an  associated  vector  basis  function  and  vector  testing 
function,  f,  is  the  vector  testing  (unction  associated  with  edge  #i.  If  we  integrate  (4)  over  AV,  the 
region  occupied  by  a  single  parallelepiped,  and  use  the  divergence  theorem  on  the  right  hand  side,  we 
obtain; 


X  )  •  (V  X  f, )  -  o)‘/if,  •  H^f/  -  ^  j^if,  X  (V  X  fl)  •  n jlS 

where  d(AV)  is  the  suifhce  bounding  AV. 

If  (2)  is  used  on  the  right  hand  side,  the  resulting  equation  is: 

jjjf-  (V  X  j})  -  (V  X  j", )  -  oi’tif i  ■  fildv  -  X  e)  ■  (iky. 


(5) 


(6) 


This  equation  is  valid  over  the  region  AV  enciosed  by  a  single  parallelepiped.  The  goal  is  to 
find  the  equation  that  is  appropriate  for  the  entire  meshed  region  T,  the  boundary  of  which  is  dT. 
This  is  done  by  summing  the  equations  (b)  that  result  from  all  of  the  parallelepipeds.  When  this 
summation  is  done  on  the  led  hand  side,  it  is  clear  that  the  result  is  simply  an  integral  of  exactly  the 
same  form  over  the  entire  region  F.  To  detetraine  what  happens  on  the  right  hand  side,  consider  a 
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face  shind  by  two  adjicent  paniUetepipeds.  We  note  Ihu  lince  no  Mince  is  present,  (he  ungentisl 
componern  of  £  is  continuous  acrou  this  face  and  that  the  nonnsl  vector  poinlini  out  of  one  of  the 
parallelepipeds  will  be  the  negative  of  the  normal  vector  pointing  out  of  the  other.  So,  the 
contributions  from  the  right  hand  sides  of  the  equations  (6)  of  these  two  adjacent  parallelepipeds  will 
exactly  cancel.  Since  no  sources  are  present  in  the  cavity,  this  same  cancellation  will  occur  along  any 
interior  face  in  the  mesh.  So,  when  the  coattibuiions  from  all  of  the  parallelepipeds  are  added,  the 
result  on  the  right  hand  side  is  an  integral  of  exactly  the  same  form  over  SV,  the  surface  of  the  entire 
meshed  region.  Thua,  the  deslind  weak  fbm  of  (3)  can  be  written  u: 

(£xn)]iS.  a) 

In  this  wofk,  the  goal  is  to  determine  the  cutoff  frequencies  of  a  cavity  that  is  enclosed  by 
either  pmc  or  pec  walls.  If  the  walls  are  pmc,  the  value  of  the  tangential  component  of  R  along  the 
walls  is  known;  thus,  for  any  edge  1  that  lies  along  the  wall,  there  ia  no  need  for  the  use  of  a  testing 
(unction;  T,  can  he  lakon  to  be  ten.  Thus,  if  the  walls  are  pmc,  the  right  hand  side  of  this  equation  is 
aero.  If,  on  the  other  harul,  the  walls  are  pec.  then  £xn  is  aero  along  the  walls.  So.  again,  the  right 
hand  side  of  C7)  vanishes.  So,  for  either  pmc  or  pec  walls,  we  have: 

(8) 

As  was  memioned  above,  with  each  edge  of  a  parallelepiped  there  are  an  associated  vecurr 
basis  function  and  vector  testing  function.  The  vector  basis  function  at  edge  j  is  ij.  In  the  finite 
element  procedure,  H  is  expressed  in  terms  of  these  basis  functions  as: 

(9) 


where  is  the  total  number  of  edges  in  the  roesh.  If  this  expression  is  substituted  into  (8).  we  obtain: 


iftev 

/■iLv  r  '■* 


(10) 


This  is  one  equation  in  the  A(  unknowns  A,  through  h„.  If  we  now  let  i  vary  from  1  to  N,  i.e., 
we  lest  over  each  edge,  we  obtain  a  system  of  Af  equations  in  Af  unknowns  that  can  be  written  in  matrix 
form  is; 
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fii) 


where 


(Vxf,)-a)Vfr«<J<V.  (12) 

The  only  my  thet  (11)  caa  he  eetUfied  for  eoe-olviil  I,  le..  the  only  my  theie  will  be  non¬ 
trivial  aome-ftae  aoladoea.  la  for  the  deianiiinani  of  ]7  to  be  aeio.  Thla  obaervaiion  laada  ua  to  the 
technique  (hat  la  uaed  to  detetmiiie  the  cutoff  fiequenclea  of  dte  eavhy. 

m.  Proeadera  fhr  Finding  Cutoff  frequaedea 

We  note  fhom  (12)  that  the  anttiea  of  77  depend  on  the  frequency.  /.  wheie  /  •  The 

2  ft 

technique  for  detenniain|  the  cutoff  Aequeneiea  begiaa  with  a  choice  of  an  initial  frequency,  /.,  and 
frequency  increnient,  if.  Onse  the  Inilial  ftequeacy,  f,,  it  choaen.  all  the  tetmt  In  the  matrix  are 
detemined  and  the  determiaaot  of  the  matrix  can  be  eakuUted.  Thia  ia  done  and  then  the  hequency  it 
incremented  by  the  amount  V-  The  determinant  ia  than  afain.  Thia  proceu  of  calculating 

the  determinant  u  the  frequency  ia  acanned  ccndnoaa  until  the  determinant  cbanget  aign,  thereby 
indicating  that  a  cutoff  frequency  hat  jnai  been  paaaed.  At  thia  point,  it  ia  knom  that  a  cutoff 
frequency  Uea  between  the  latt  two  fmquenciea  coetidemd;  a  more  pncire  valae  (or  thia  frequency  can 
be  obtained  either  by  interpolation  or  by  chooting  a  amaller  frequency  increment  and  acanning 
between  the  laat  two  fteqnenciea  contidered. 

rv.  ParalMUattoaariheTodudqiia 

Thia  algorithm  wet  parelleliaed  in  three  leapecta.  Paralleliiaiion  waa  incorporated  into  the 
asaembly  and  atorugc  of  the  matrix,  the  evaluation  of  the  determinant,  and  the  frequency  acanning. 
The  idea  ia  u  foUowa.  After  the  liniia  element  meah  haa  beaa  genetanid  for  the  geometry  of  intenai. 
the  aize  of  the  ayatete  matrix  it  known.  In  order  to  aave  taemory.  thia  manix  ia  ttored  in  banded 
atorage  mode.  Still,  it  ia  generally  too  large  to  fit  on  one  node.  So.  the  minimum  number  of  nodea  that 
will  ncGommodate  thia  matrix  ia  next  calculated;  thia  number  ia  called  nmlit.  The  twxt  aiep  ia  to 
cbooae  the  nnmber  of  nodea  over  which  the  matrix  ia  diatributed  for  a  aingle  calculation  of  the 
determinant,  keeping  in  mind  that  thia  nnmber  muat  be  greeter  than  or  equal  to  nmin.  Thia  number  ia 
called  Hoptrgr.  The  next  alep  ia  to  decide  the  total  number  of  nodea  that  will  be  uaed.  Thia  loul 
number  ia  divided  by  noprrgr  to  obtain  the  number  groepr.  The  idea  ia  that  all  of  the  nodea  are 
divided  into  a  number  of  groups  of  nodea.  Each  group  haa  Hopcrgr  nodes.  The  total  number  of  groups 
ia  groupt.  Since  each  group  is  capable  of  accommodating  the  matrix,  it  can  work  independently  of  all 
the  other  groups.  So.  frequency  scanning  is  achieved  by  assigning  different  frequencies  to  different 
groups.  Within  each  group,  the  filling  of  the  matrix  end  the  evaluation  of  the  deieiminnnt  ia 
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ducibnied  over  «U  oofftr  node*  in  die  iraup.  Thu,  the  uieinblini  end  sionife  of  the  nilrix,  the 
ev*|uMiao  of  the  deitmiiBiiit.  and  the  tcaiiBini  of  the  frequency  have  all  been  patallelized. 

V.  Nnwericel  HaenlU 

Althonih  thi*  technique  i*  auilable  fur  the  determination  of  the  culrff  f^squencies  of  an 
aibinrily  ahtped  and  atbimrily  filled  cavity,  in  order  to  be  able  to  obiain  a  comparison  with 
analytical  vafaNt  for  dm  cntofT  freqnmciet,  «n  empty  cavity  haviaf  the  shape  of  a  parallelepiped  waa 
chosen  for  the  aampla  namarmal  manka.  This  cavity  hati  leo|l^t  in  the  a.  y.  and  z  directions  of  S  cm.. 
7  cm.,  and  11  cm.,  reipactivaly.  The  wall*  were  pec.  The  technique  described  above  was 
intphmteniBd  on  dm  d(r  node  Patnonooeapeter  at  San  DieioSapereomputer  Center  (SDSC).  Forihe 
sake  of  eomperleon,  the  naparalkUaad  version  of  thi*  algoiithm  was  implemented  on  the  Cray 
X*MP2/2I6  at  the  Mliiieiippi  Center  fot  Snpaicomp«in|  Reaeereii  (MCSR).  A  frequency  lange  of 
2.3-S.4  QHs  Md  Itnquenej  increment  of  0.1  QHi  were  choaen  and  a  finite  element  mesh  vrith  S 
divimon*  in  the  z-dimetian.  7  diviaiont  in  the  y-direction.  and  II  divitioiH  in  the  z-direciion  was  used. 
The  total  tiumhar  of  adpas  in  the  medi  wm  1,512.  The  nomerically  determined  values  for  the  cutoff 
fmqneneta*  *«.«  the  same  on  both  eompmen;  these  values  are  shown  in  thj  tight  hand  column  of 
Thhie  1.  Horn  that  two  of  the  firet  ten  cntofffiuquenciea  were  not  detected.  The  reason  for  this  is  that 
each  of  deee  two  fteqnancim  is  the  catoff  frequency  for  two  asodes.  Thus,  the  detetmineni  goes  to 
aero  at  dtit  limjunacy  but  does  not  chenpe  sign;  so,  the  catoff  frequency  cannot  be  detected  using  the 
pmeedum  daainilied  above.  For  the  other  cetoff  ftequencies.  the  agreement  between  the  numerical  and 
analytical  vafama  i*  qnhB  good. 

The  dam  required  lo  nin  this  program  on  the  Cray  X-MP2/216  was  97.044  s.  The  time 
mqnind  en  dm  fttigon  depended  on  dm  number  of  nodes  used  as  shown  in  Table  2  and  Fig.  I.  In  this 
case.  'Jm  goal  was  to  determine  the  effect  of  the  frequency  scarming.  So.  the  calculation  of  the 
Jeietminani  h  a  siagic  frequency  wu  assigned  to  a  single  node;  that  L,  noptrfr  was  chosen  lo  be  1 
and  groqpe  war  equal  to  dm  total  namber  of  aode*  employed.  As  can  be  aeen  from  Fig.  1,  there  was 
essentially  Unear  apeed-np  over  dm  eedre  mage.  The  reeaon  for  this  is  that  the  frequency  scanning  is 
cmbairamingly  parallel;  dm  cakmladotm  of  the  deiumiaani  at  dilfeieni  frequencies  are  compleKly 
of  odur. 

The  aezt  goal  wu  lo  investigate  the  effea  of  the  pinUeiizaiion  of  the  calculation  of  the 
detetmiaam.  So.  a  ringle  fteqeency  wu  chonen.  The  determinaat  u  this  frequency  wu  calculated 
ntiBg  1, 2, 4.  t,  Ifi,  and  32  aode*.  The  rmIu  me  shown  in  TaUe  3  and  Fig.  2.  The  *peed>up  is  not 
even  cloee  IP  Uanr  in  this  cate.  Therei*iomebeaefiiiaaaiBg2,4.8,orl6naduiaiherihanjustl; 
in  bcL  dm  but  choree  of  ihoae  isaed  is  4  node*.  Note  that  if  32  nodea  ate  used  the  elapsed  time  is 
hmgBT  than  if  a  smgle  node  is  employed.  The  reason  for  this  and  for  the  failure  to  achieve  linear 
speed-up  in  this  case  is  dmi  when  the  aaitiz  is  distribuied  over  several  nodes,  a  considerable  amount 
of  imer-node  communication  is  necessary  in  the  calcubnoti  of  ibe  determiiuum  this  communication 
slows  down  the  mchniqne. 
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VL  CoocliMinM 

A  thtee-duneosioiial  finite  element  nliorilhm  thu  employi  edge  elements  in  the  deteiminaiion 
of  the  cutoff  ftequencies  of  in  uhitnrily  stuped  end  ubimrily  filled  cnvity  has  been  discussed.  A 
method  for  parallelizing  this  technique  has  also  been  presented.  This  method  includes  parallelization 
of  both  the  frequency  scanning  and  the  calculation  of  the  deteirainant  of  the  finite  element  matrix.  It 
was  found  that  the  frequency  seaming  was  an  embarraasingly  parallel  procedure;  essentially  linear 
speed-up  was  oblaiiied  for  this  part  of  the  parallelization.  On  the  other  hand,  if  ^.e  matrix  is 
distributed  over  several  nodes,  the  calculation  of  the  delermiitsnt  lequiies  considerable  communication 
between  these  nodes;  thus,  the  speed-up  obtained  for  this  part  of  the  parallelization  fell  consideiabiy 
shoft  of  beini  linear. 

The  coicpotaiion  dme  on  the  Ciay  X-MP2f216  was  less  than  tor  any  of  the  cases  attempted  on 
the  Paragon.  Fufthennore,  the  devdopment  of  the  code  for  the  Cray  X-MP2/216  required  less  effort 
than  did  the  development  of  the  code  for  the  Paragon.  But  it  is  important  to  recall  the  simplicity  of  the 
cavity  that  was  under  invesdgatioa  For  a  cavity  of  more  complicated  slupc  and/or  filling,  the 
discretizadon  process  can  easily  lead  to  a  mesh  ‘Jut  will  be  too  large  for  convenient  analysis  on  the 
Cray  X-MF2/216;  this  is  the  kind  of  case  for  which  the  technique  described  is  suitable. 
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Analyticil  Value  for  Cnoff  Frequency  (QHz) 
2J4 
3^ 

3.47 

3.69 

3.93 

4.0S 

4J0 

4.39 

4.61 

5.23 


Numeiical  Value  for  Cureff  Frequency  (GHz) 
2J0 
3J0 
3J0 

3.70 

not  delected 
4.10 
4.60 

not  delected 

4.70 
5J0 


Table  I.  Cantparison  of  analytical  and  nomerical  values  for  cutoff  frequencies 


Total  Number  of  Nodes 
1 
2 
4 
8 
16 
32 


Elapsed  Tune  (s) 
12.953.847 
6.631.990 
3.211869 
1.626.152 
834.421 
432.927 


Table  1  Elapsed  time  for  calculation  of  deteniiinant  at  32  frequencies 


Total  Number  of  Nodes 
1 
2 
4 
8 
16 
32 


Elapsed  Tine  (s) 
421.812 
270.178 
199.148 
221546 
351J79 
693.090 


Table  3.  Elapsed  lime  for  calculation  of  deteminani  at  1  frequency 
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Spe«d*up  Speed-up 


Fignfc  1.  Speed-up  for  icanning  of  frequencies 
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Figure  2.  Speed-up  for  calculation  of  determinant 
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I.  lattoduction 

The  Halte  eloncnt  modeling  of  eketrically  large  itractnra  has  alwayt  been  a  difficult  problem 
in  electromagnetics  becanae  the  nnmber  of  nnknoama  increases  dramatically  as  the  electrical  sise 
of  the  stractere  increases.  One  of  the  ways  to  increase  the  efficiency  of  the  finite  element  method 
Is  to  nH  a  ‘divide  and  conquer''  strategy.  This  idea  has  been  applied  to  integral  equation  methods 
in  which  the  computation  domain  it  partitioned  into  many  smaller  lectiont.  The  solution  is  then 
generated  in  each  section  independent  of  the  other  sections.  The  coupling  between  the  sections  is 
then  performed  in  either  an  iterative  manner  [l|  or  by  employing  a  more  rigorous  and  computa¬ 
tionally  expensive  procedure  [24|.  The  concept  of  partitioning  has  also  been  used  for  the  finite 
element  method  (4^|.  However,  is  all  these  methods  except  [2],  the  partitioning  has  only  been 
performed  along  one  dimensioa.  In  this  paper,  we  consider  an  extension  of  [4]  for  two-dimensional 
(2-0)  geometries,  where  the  compotatioo  domain  is  partitioned  along  both  dimensions.  In  [4|, 
the  problem  of  elKtromagnetic  scattering  bom  a  2-0  cylinder  is  considered  where  the  bymoment 
method  (•]  it  used  for  the  boendary  tnneation.  The  bymoment  method  requires  the  solution  of 
multiple  finite  element  problems  with  known  Neumann  boundary  conditions.  Since  the  purpose 
of  this  paper  is  to  consider  the  improvement  in  efficiency  of  the  finite  element  solution,  we  will 
only  consider  finite  element  problems  nrlth  known  Neumann  boundary  conditions.  Another  major 
advantage  of  the  partitioning  method  it  its  inherent  adaptablity  to  massively  parallel  multiproces¬ 
sors.  Since  much  of  the  calculations  for  each  scclioo  are  done  independent  of  the  other  sections, 
each  processor  can  perform  the  operations  associated  with  its  own  sections  without  communicat¬ 
ing  with  the  ether  other  processors.  The  performance  of  the  method  on  a  MIML  (multiple  input 
multiple  data)  architecture  is  shonra  here. 

n.  FkirmnlBtion 

The  2-0  problem  considered  here  is  an  infinitely  long  cylinder  of  arbitrary  shape  and  arbitrary 
material  properties  in  free  space.  In  this  paper,  only  the  TM,  polarisation  it  described.  Let  us 
consider  a  partitioning  of  a  representative  cylinder  (Figure  I)  A  known  Neumann  boundary  con¬ 
dition  is  applied  to  the  outer  boundary  which  is  represented  by  dll.  The  inter-section  boundaries 
are  denoted  by  tS^- 

The  Neumann  boundary  condilioa  can  be  defined  in  terms  of  the  tangential  magnetic  field 
along  the  boundaries  of  each  section.  Although  the  Neumann  boundary  condition  is  given  on  dfl, 
it  is  not  known  a  priori  on  iS%.  However,  we  can  approximate  the  values  on  each  inter-section 
boundary  in  terms  of  a  sum  of  known  basis  functions  multiplied  by  unknown  coefficients.  The 
Neumann  boundary  condition  on  the  inter-section  boundary  it  defined  to  be: 

«€l0.d)  (1) 

^  <■! 
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where  (  repreunts  the  pointi  on  the  inter-section  bonnduy  dS,  which  hns  n  length  of  d.  The 
wimble  represents  m  set  of  the  unknown  eoeSdent  to  be  determined.  The  function  is  a 
set  of  linearly  independent  basis  functions.  In  the  numerical  implementation  of  ( I ),  the  infinite 
sum  is  truncated  to  /. 


V 


Let  ns  consider  the  interior  n'*  section  (not  touching  dO)  with  the  Neumann  boundary  condi¬ 
tions  applied  on  each  of  the  four  inter-section  boundaries.  Baaed  on  the  property  of  linearity,  the 
total  electric  field  solution  on  the  n**  interior  section  can  be  determined  from  the  superposition 
of  the  four  boundary  value  problems.  The  total  solution  on  the  section  is  expressed  as  a  sum  of 
four  boundary  value  solutions: 

Br'(*.»)  =  £i'(*.r)  +  £f(*.»)+iEr(i.p)-i-£‘(x,,)  (2) 

where  the  four  field  solutions  are  defined  to  be, 

Ml  Ml 

Ml  Ml 

Tb«  subfcripts  1,71  refer  to  tbo  term  in  the  ttim  lad  the  rectioD  respectively.  The  su- 
perscripUe  L  (left),  D  (dowo),  R  (right),  and  U  (np),  refer  to  the  ^e  of  the  sectioD  on  which 
the  Nmmann  bonndvy  eonditioii  is  applied,  with  iu  eerrespondhig  unknown  coeflicieot  vec> 
tors  end  *^h«  finite  eleineat  soletton  A,>(e,y)  is  obtained  from  the  use  of  the 

conesponding  basis  function  '!'{(()  as  the  Nemnann  boundary  condition. 

To  evaluate  the  unknown  coefficients  on  each  inCer>section  boundary,  the  finite  element  so¬ 
lutions  of  each  section  are  coupled  to  the  adjacent  sections  by  enforcing  the  continuity  of  the 
tangential  dectric  and  magnetic  fidds  on  the  inter-eectioD  boundary.  The  continuity  of  the  tan¬ 
gential  magnetic  field  is  enforced  expUdtly.  However,  the  continuity  of  the  tangential  electric 
fidd  it  enforced  in  an  integral  sense.  The  application  of  fidd  amtinnity  results  in  a  sparse  matrix 
equation,  which  we  call  the  cevpitny  fnelris.  A  general  sparse  Cbolesky  LU  factorization  and 
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Kilvt  algorithm  [7]  it  ntcd  to  aolva  lha  ooapUng  matrix.  Is  order  to  sunimita  the  fiU-int  doring 
the  LU  factorization  ,  a  salted  ditiection  rcorderisg  of  the  matrix  is  dose.  It  it  expected  that  the 
compntatios  time  will  be  proportional  to  jV*'*  and  the  ttorage  will  be  proportional  to  N  where 
N  repieaents  the  tite  of  the  conplisg  matrix. 


HI.  PerCormanca  Ibr  tha  Saquantial  Partitiesing  liachitiqua 

To  demOBitrate  the  effioency  of  tha  partitiosiag  technique,  wa  ttndy  the  reeultt  of  the  method 
on  a  plana  erave  incident  on  a  rectaagnlar  region  of  free  space  of  varying  sites.  The  main  reason 
that  we  coneider  free  space  is  that  the  boondaty  condition!  are  Itnown  for  this  cate.  The  efficiency 
thotild  be  tbe  same  for  more  complex  geometriet.  The  thrae  problemt  considered  here  are  free 
space  eqaata  ragioat  with  tides  of  length  4A,  8A,  aad  12A.  Eight-node  quadrilateral  elements  are 
need  to  diacretitc  the  comontation  domain.  For  the  traditional  method,  tbe  natober  of  nodes  in 
the  three  computation  domains  it  4,961  (4A),  19,521  (8A),  and  43,681  (I3A).  Each  geometry  is 
partitioBed  into  cither  0.5A  square  sectiont  or  lA  square  sKllont.  Triangular  subdomain  basis 
functions  hare  been  nted  for  in  (1).  For  the  cases  ptenented  below,  tbe  solotiont  from  the 
partitioaiBg  method  and  the  traditional  method  have  bem  compared  to  verify  that  they  have  tbe 
tame  degree  of  accuracy. 

A.  Time  Performonoe 

Table  1  shows  the  computation  time  for  the  craditfonal  method  aad  the  partitioning  technique 
oa  a  Cray  Yh(P.  The  Ant  two  time  oolumns  in  Ibble  1  represent  the  time  required  to  solve  tbe 
corretpondiiig  problems  with  the  traditional  finite  riesnent  method  by  the  nte  of  either  tbe  a 
banded  aolver  algorithm  or  a  general  sparse  soim  algorithm.  Tha  latter  algorithm  has  a  smaller 
number  of  Bon-zaroe  aad  thus  requires  a  smaller  operation  count  to  factorize  the  matrix. 

The  data  for  the  4A  geometry  shew  that  the  partiUoniag  technique  it  more  computatiooally 
aapeasive  than  the  traditfoaal  method.  This  differeuce  in  time  is  due  to  the  overhead  time 
required  in  coupling  the  partitfoned  sections  and  in  calculating  aad  solving  the  coupling  matrix. 
The  geometry  is  not  large  enough  to  take  advantage  of  the  partitioning  tachaique  with  the  given 
sizes  of  the  partitioned  eections.  However,  ae  the  size  of  the  solution  domain  increases  (and  the 
partitioeed  sections  ire  of  a  relatively  emallar  size),  tbe  computation  time  becomes  smaller  than 
that  required  for  the  traditional  method.  As  the  size  of  the  computatioo  domain  increases,  we 
expect  the  difference  in  efficiency  between  tbe  partitioning  method  end  the  traditional  method  to 
increase.  Unfortuaately,  a  larger  size  could  not  be  tested  because  tbe  memory  requirements  for 
the  traditional  method  exceeded  the  available  memory  os  the  Cray. 
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Tkbk  : 


8 

o 

1 

treditionJ  oMthod 

partition  technique 

doinun 

Mtmor] 

^(Mwofd) 

M«fnory(  M  word ) 

banded 

ip4fte 

0.63 

0.S6 

mm 

0.06 

0.03 

8A  tq 

4.80 

mi 

.5A  sq 
lA  sq 

0.39 

0.18 

12Atq 

16.99 

7.07 

.SAaq 
lA  sq 

1.12 

0.64 

B.  Memor\/  BtfuinmeaU 

Tht  ndnctioB  in  mamory  mqninnmBti  h  on<  of  tkc  major  ndvnnttgo  of  th*  partitioning 
technique  over  the  traditional  method.  Table  2  shows  the  memory  Rqnirements  for  both  the 
traditional  and  the  partitioning  technique  on  the  same  solution  domains  as  discussed  in  Table  1. 
The  first  tsra  ‘Memory”  columns  in  Table  2  represent  the  memory  mqttiremenlt  for  the  traditional 
method  srith  either  a  banded  solver  algorithm  or  a  general  sparse  solver  algorithm.  For  the  sparse 
solver  algorithm  only  the  noasero  values  of  the  matrix  under  consideration  need  to  be  stored, 
whereat,  the  banded  solver  stores  all  the  terms  witUn  tht  entire  half  bandwidth.  The  last  column 
it  for  tn*.  memory  requirements  of  the  partitioBinf  technique. 

rV.  PamllcI  ImplemeniaticiB  of  the  PnrtHioning  Technique 

The  MIMO  architecture  of  the  li'.ei  machines  allows  each  processor  to  execute  different  in¬ 
structions  on  dilferent  data.  It  is  noted  that  concurrency  of  operations  is  grt;.ily  utilized  before 
generating  and  solving  the  ooupling  u  strix;  no  communication  it  required  for  solving  the  finite 
element  sulntions  for  the  appropriate  sections.  Communication  between  processors  starts  daring 
the  calculation  of  the  coupling  matrix. 

A,  Mttppmg  iht  Coupling  Metiis 

The  sparse  Gauttiaa  ^miuatioa  algorithm  operates  on  units  of  the  matrix  that  we  will  call 
•ow-oolumns.  The*  re  as  many  row-oolumns  as  there  are  nnkaowns  in  the  coupling  system. 
Row-column  ■  cou.  .  of  the  foDoering  matrix  elements:  (i)  the  diagonal  dement  in  row/colnmn 
>  (Cn),  (ii)  the  upper  triangular  elements  in  row  t  >  s),  (iii)  the  right  hand  tide  element 
in  row  i  (C^jy.^,),  and  (iv)  the  lower  triangular  elemtnts  in  column  i  {CjiJ  >  i).  The  forward 
elimination  phase  of  the  sparse  Gautaiaa  eUmination  consists  of  two  khids  of  operationt:  (i) 
normofise;  the  scaling  of  the  upper  triangular  and  right  hand  side  elements  of  a  row-column  by 
its  diagonal  element,  and  (ii)  updolc:  the  modification  of  the  elements  of  a  row-column  i  using 
the  etements  of  a  row-cohunn  k,  where  i  >  k  and  Ck  is  a  nOBsero.  The  time  required  for  the 
back  suhetitution  phase  is  much  smaller  than  that  the  forward  elimination  phase.  The  mapping 
algorithm  therefore  concentrates  on  making  the  forward  elimination  process  efficient. 

The  mapping  of  the  row-columns  to  processors  should  be  done  so  as  to  simnltaneonsly  have  low 
communication  and  good  dynamic  load  balancing.  A  simple  data  structure,  called  the  etimination 
tree  hdps  in  achieving  this.  This  tree  has  S  nodes,  one  for  each  of  the  row-columns  of  the  matrix, 
and  the  parent  of  •  '  eode  •  rd  by  parcat(i)  w  min  (y  :  j  >  i  and  Qj  is  a  nonzero  ). 

It  can  be  sh^  i..  ^rvU  '-'  ndates  only  a  subset  of  its  ancestors  in  the  elimination  tree 

and  in  turn  it  updated  only  vy  a  subset  of  its  descendants.  In  general,  therefore,  if  a  mapping 
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Ii  choMn  M  thkt  aodct  which  arc  in  the  lunc  nbttcc  are  mapped  onto  the  same  proceuor  or 
among  a  imail  nbeet  of  the  proceMort,  redaction  in  communication  can  be  expected. 

A  henrfstic  algarilhni,  called  receniK  pertirtoninf  [8],  which  taker  the  amount  of  work  at  each 
node  of  the  elimination  tree  into  conilderation  to  ptodnce  a  load-balanced  mapping,  it  uied.  The 
amosnt  of  work  at  each  node  U  coniidered  to  be  the  snro  of  the  number  of  update  operations  onto 
the  row-column  corresponding  to  the  node  and  the  number  of  normalization  operations  for  the 
row-column  eorreaponding  to  the  node.  The  algorithm  performs  a  breadth-first  traverral  of  the 
elimination  tree  aulgning  nodes  in  wrap  laakion  to  all  processors.  This  continues  until  two  sets 
of  subtrees  having  approximately  eqnal  total  work  ate  found.  At  this  point,  the  set  of  processors 
is  split  into  tern  sabMls,  each  of  them  aaaigned  oaa  subset  of  subtrees,  and  the  algorithm  is 
menraivniy  applied  to  each  of  them. 

B.  Uopfint  Sections 

The  mapping  of  sections  to  ptoeassors  is  performed  by  using  a  simple  heuristic  algorithm. 
The  ratnlts  ^  the  FEM  computatioas  on  a  taction  are  needed  to  detemtine  the  values  in  the 
row-columns  whose  unknoemt  are  represented  by  the  expansion  terms  on  the  boundaries  of  the 
section.  Call  these  row-columns  the  reieunnt  row-columns  of  the  section.  Therefore,  each  section  is 
mapped  onto  one  of  she  set  of  processors  that  have  at  least  one  of  its  relevant  row-columns  mapped 
onto  them.  The  processor  chosen  oot  of  this  set  is  the  one  that  has  the  maximum  number  of  the 
rulevaat  row-eolniant  mapped  onto  it.  If  there  ate  ties,  the  section  remains  unmapped  at  that 
point.  After  attempting  to  map  all  sections  using  the  above  method,  all  remaining  sactiont  are 
mapped  to  procesaots  uiiBg  a  giuedy  algorithm  as  fbUoart.  Each  unmapped  sections  is  considered 
in  turn  and  mapped  onto  the  ptoeesso,'  that  hat  the  least  number  of  sections  mapped  onto  it  at 
that  point. 

C.  Sohmf  the  Conphny  fpsletn  sn  ParuUd 

The  parallel  algorithm  used  'it  the  cotnpuutionaliy  dominant  forward  elimination  phase  maps 
the  update  and  normalise  oomputatioat  as  follows.  The  updating  operation  of  a  row-column  >  (the 
tsoget  row-column)  using  a  row-column  k  (the  source  row-column)  can  be  considered  to  happen 
in  two  stages.  The  first  it  a  Mt  of  multipUcatioas  to  form  the  contribution  of  row-colnmn  k  to 
row-column  «.  The  second  is  the  aubtractioo  of  the  contribution  to  the  eorreaponding  einmentt  in 
row-column  1.  The  multiplication  operations  are  mapped  onto  the  processor  that  owns  the  source 
row-column.  If  the  prooasaor  oaras  other  source  row-columns  that  update  the  sane  target  row- 
column,  aO  their  contributioat  are  added  together  on  the  processor.  This  combined  contribution 
is  then  sent  to  the  proceaor  that  owns  the  target  row-column,  where  it  is  suhtrocted  from  the 
target  row-columa'a  elements.  The  normaliiing  operationt  for  a  row-coluitm  are  mapped  onto  the 
p.oc'jsor  that  oaras  it. 

The  next  issue  to  consider  after  daddiag  os  the  computation  mapping  is  the  order  in  which 
each  processor  carries  out  its  computatiosu.  One  approach  is  hr  each  proceuor  to  consider  each 
target  row-colamn  in  tun.  The  oombined  contribution  for  this  target  (using  the  source  row- 
eolnmns  that  the  processor  owns)  is  formed  and  then  sent  to  the  processor  owning  the  target, 
if  it  »  a  difibrent  processor,  or  subtracted  locally  if  it  is  the  same  processor.  If  a  tow-column 
is  owned,  the  processor  also  waits  for  all  combined  contributions  dutined  for  it  to  arrive  from 
other  processors.  These  combined  contributions  are  sobracted  from  the  row-coinmn,  and  it  is 
then  nonaalixed.  By  coatidering  the  targets  in  ucreusing  order  of  their  index  in  the  matrix,  all 
the  locally  owned  sourew  that  update  it  are  guaraatesd  to  have  been  normaliied  by  the  time  the 
target  is  considered.  This  approach  it  bated  on  the  fan-in  algorithm  hr  parallel  sparse  Choletky 
factorization  (9).  The  primary  advantage  of  this  approach  over  the  one  to  be  considered  next  is 
that  the  working  storage  rasnired  on  each  processor  consists  mainly  of  the  storage  required  for  one 
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combhiwi  ccntribntlon.  Thit  itor*!*!  wbidi  and  b«  oaty  at  larga  at  tb*  largMt  row-column,  ia 
rauatd  for  <ach  target  row-columa.  Tk«  primary  drawback  of  th«  approach  ii  the  prohlem  of  idl 
proceeaora  doe  to  the  fart  that  npdatet  onto  labacquent  target  tow-columnt  are  not  performed 
by  a  proctnor  until  all  combined  contributioni  are  received  for  earlier  owned  row-colunina,  even 
though  the  aource  row-columns  that  update  the  later  target  have  been  noraalizrJ  and  ready  to 
be  used. 

Aeother  approach  to  the  ordetiug  of  the  coraputaiiont  on  each  processor  is  based  on  the 
J^app-suy  algorithm  [10|.  In  this  approach,  a  aormalixed  source  row-column  can  be  used  to 
update  any  of  Its  target  row-columns.  These  updates  are  added  together  to  form  a  combined 
contribution  as  bafore.  Instead  of  considering  the  target  row-colnmat  in  turn,  thit  approach 
maiatains  a  queue  of  normaliied  locally  oerned  sources,  and  considers  sources  from  this  queue  as 
they  become  available.  If  the  queue  ia  empty,  the  processor  waits  for  combined  contributions  to 
arrive  from  ochar  processors.  This  approach  has  been  found,  ia  the  Choleeky  factoritation  case, 
to  have  better  dynamic  load  balaaclag  than  the  lan-m  approach.  It  alto  hat  the  advantage  of 
making  better  use  of  the  data  cache,  if  one  exists,  on  each  processor.  However,  its  main  drawback 
is  the  amount  of  srorking  storage  required  on  each  processor.  There  will  be  many  partially  formed 
combined  cootributlons  existing  on  each  processor  at  any  instant.  Therefore,  working  storage 
it  rcqnired  on  etch  proosstor  that  could  potentially  he  at  large  aa  the  sum  of  the  tises  of  the 
target  row-colninni  for  which  combined  coutributioat  originate  from  the  processor.  Thit  it  quite 
nneatisfactory,  especially  for  large  ptoblerot.  The  approach  presented  next,  which  is  the  one  used 
here,  addriiiti  this  problem. 

Each  proccesor  partidpaling  in  a  forward  iliminatioa  computation  hated  on  row-columns 
aetds  tpaot  for  the  row-colnmnt  that  it  owns,  la  addition,  apnes  U  needed  for  keeping  the  nonsero 
structure  of  the  matrix  (in  compressed  form,  and  that  usually  ts-emg  up  considerably  less  spare 
than  the  matrix),  and  for  some  auxiliary  information  such  as  row-colama-to-processor  mapping 
infsrmntion.  The  new  approtch  ntes  all  the  remaining  memory  on  each  procesaor  for  storing 
combined  coniributiona  formed  on  that  processor.  The  parallel  algorithm  cun  thus  adapt  to  the 
amount  of  aviUable  memory.  Updates  to  any  tniget  row-column  nre  done  whenever  possible. 

The  compulation  on  each  processor  is  driven  by  a  qutue  of  locally  owned  source  row-cdumus 
that  have  been  completriy  updated.  When  this  qnenc  it  empty,  the  processors  waits  for  messsges 
bom  other  processors  containing  combined  contributions  to  be  npplied  to  its  owned  row-columnt. 
A  source  thut  is  drieted  bom  the  queue  is  uonnalixed  and  tbia  nsed  to  update  its  targets  in 
teccetsion.  If  a  target  is  owned,  it  is  directly  npdnied  in  the  matrix  itnctuie.  if  this  is  the 
last  update  onto  the  target,  it  is  added  to  the  queue.  If  a  target  is  not  owned,  then  a  combined 
contribution  for  the  target  needs  to  be  updated.  If  this  is  the  first  update  onto  that  target,  space 
for  its  combined  coatribatioa  is  nHocattd  from  the  avmlaUc  memory.  In  nay  case,  if  this  is  the 
last  owned  source  to  update  this  target,  the  combined  coatribntion  is  raat  to  the  target’s  owner, 
and  the  space  used  by  it  is  freed.  If  memory  is  uaavatlabic  for  the  combined  contribution  of  a 
tiiget  that  is  being  updated  for  the  firM  time,  it  is  added  to  a  queue  of  pending  targets.  The 
source  which  attempted  to  ipdate  the  target  it  placed  on  a  list  of  failed  sources  associated  with 
that  target.  When  space  if  beed,  a  target  bom  the  pending  queue  it  sUocated  space,  and  it  it 
updated  by  the  sources  that  had  been  placed  on  its  list. 

V,  Ronnlts  for  the  Parallel  PartitioaiBg  Tnehaique 

In  thit  section,  we  will  show  the  benefits  of  panUcUsntioD  of  the  psrtitioning  technique  for 
further  reducing  the  computation  time.  The  parallel  computers  used  fur  collecting  the  data  is  the 
547-node  2D  mesh  architecture  Intel  Touchstone  Delta  machine.  The  problems  considered  here 
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an  tbt  8A  lad  12A  cam  fram  th«  Mqmntial  nralu.  A  iquan  ngioB  with  iid«t  of  Itagth  20A 
(130,801  nakBOWBi)  it  alto  onuidanid. 

The  total  axaentioii  tim*  coatiilt  of  foar  dominaot  componmti;  priiarating  the  boondaiy 
conditioat  for  each  partitiooed  tactioat,  tolviag  tha  Anita  alament  tolutiont  on  the  lections  for  each 
boundary  condition,  gaaarating  tha  coupling  matrix,  aad  Anally,  tolving  the  unknown  coefficients 
from  the  cauptiac  matrix.  The  finite  element  tolutiont  are  calculated  for  varions  sections  on 
difTarant  proeattort  concurrently.  Oom  tha  ‘bdry'  and  “FCM''  columns  in  Table  3,  we  can  tee 
that  the  time  radnetioa  in  ganaraliag  the  bonadaty  conditionu  aad  tolving  tha  finite  eiamant 
aointioat  it  approximataly  a  linaar  functioa  with  ratpact  to  tha  numbar  of  proeattort  utad.  At 
tha  lumbar  of  proeattort  iacratatt,  tha  taction  mappiag  algorithm  will  dittiibute  all  lactiont  to 
balaaca  tha  work  load  on  aach  prooaaaor. 

Mattaga  paaaiBg  ttartt  whan  tha  fiaita  atamaat  aolatioas  an  utad  to  ganerata  the  coupling 
matrix.  Tha  “tat  coup’’  eolnmn  ia  Ikbla  3  rapraaaatt  tha  tima  tpant  in  tanding  and  racaiviBg 
tha  fiaita  atamant  tointioni  aad  to  gaaarata  tha  coupling  matrix.  Thare  it  a  decreaie  ia  the 
time  laqairad  for  gaaarating  tha  couphag  matrix  at  the  number  of  proeattort  increases.  This 
it  due  to  the  fact  that  fterar  row/colomn  pain  are  owned  by  oia  procatsor  at  the  matrix  is 
dittribntad  among  more  ptocatton.  Howavtr,  tha  tima  spent  on  patting  mettaget  it  dependent 
on  the  coupling  aad  the  teetion  mapping  algorithms,  it  alto  depends  on  the  volume  of  the 
mattagat  aad  the  number  of  initiated  communications. 

The  fttial  stage  of  tha  patalMliad  partitnaiag  tachaiqne  it  the  tolatioa  of  a  coupling  matrix 
by  tha  am  of  a  panDal  Gaattiaa  aUmlBation  algorithm.  The  column  ‘tolvar*  in  Table  3  shows 
tha  time  required  in  solving  the  coupling  matrix.  Tha  total  computation  time  in  Table  3  shows 
a  tigalficant  reduction  hi  tha  tima  reqnirad  for  solving  tha  alactricaOy  large  solution  domain  by 
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ttting  the  paititiomeg  Anitc  clement  teehciqnc.  In  Tnble  3,  we  tee  thnt  e  ipeed-up  futor  of 
nppraximntcly  l.gS  it  uhieved  when  8  precetion  me  nied  initend  of  4.  The  tpeed-np  factor  it 
approximately  S.73  u  we  incteate  the  nembet  of  ptocaeiore  from  4  to  32.  The  latter  two  cates 
reprieent  two  larger  problemt  which  require  more  ptocettoti  for  the  field  solution.  The  smaller 
vilne  of  the  tpeed-np  factor  for  the  larger  problems  it  due  to  the  larger  number  of  processors  used 
and  the  dominance  of  the  the  Gaussian  eUinination  algorithm  as  the  site  of  the  coupling  matrix 
increaaaa. 

VI.  Summary 

The  two  major  concerns  for  the  eAciency  in  lolving  an  electrically  large  electtomagaetic 
problem  are  the  computation  time  and  memory  leqnicementa.  The  partitioning  technique  was 
dikcnieed  and  the  numerical  reiulta  aunmmtiied  to  ahow  the  benefits  of  the  paritioning  technique 
over  the  traditional  finite  element  method.  The  fact  that  the  partitioned  lectiont  can  be  solved 
independently  it  ideal  for  a  parallel  implementation  of  tbe  method.  Algorithms  tnch  at  netted 
diatection  ordering  and  parallel  Gaatsian  dimlnation  were  carefully  implemented  to  reduce  the 
operation  counts  and  the  communication  time  on  each  piocesaor. 
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A  DATABASE  OF  MEASURED  DATA  FOR  RCS  CODE  VALIDATION 
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Ottawa,  Canada 


C.  W.  Trueman 
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Montreal,  Canada 


SUMMARY 


The  Canadian  Space  Agency's  David  Florida  Laboratory  (DFL)  has  measured  the  radar 
cron  section  (RCS)  of  a  large  number  of  targets  over  the  past  few  years.  The  objectiv^  of  this 
tneasttreinent  program  war  to  create  a  dattbase  c^  measured  data  expressly  for  the  purpose  of 
validating  and  developing  nnodeling  guidelines  for  various  computational  codes.  Targets 
measured  vary  in  their  complexity  from  simple  geometrical  shapes  such  as  cubes,  cylinders, 
pyramids,  cones,  rods,  and  more  complicated  objects  like  models  of  generic  aircraft  and  ships, 
llie  RCS  database  program  was  conceived  to  help  organize  this  large  collection  of  RCS 
measurements.  It  was  the  intention  of  the  progrom  develo^rs  to  enhance  the  accessibility  of  the 
RCS  data  and  provide  some  simple  tools  lor  plotting  and  viewing  the  measurements.  The 
daubase  program  and  some  of  the  measured  data  will  be  made  available  for  public  distribution. 


Although  developed  for  distributing  RCS  data  the  software  is  suitable  for  use  with  any 
information  that  can  be  stored  in  discrete  data  flies.  The  program  employs  a  hierarchical 
organizational  system.  EMh  experiment  (or  data  File)  is  categorize  by  a  series  of  labels  that  are 
arranged  in  a  'tree'.  This  is  similar  to  the  MS-DOS  hierarchical  system  of  directories  and 
subdirectories.  For  txam(ile  the  path 

.SingIcAiilx'/ilii'h'iliii/IIKtii/latv  o(*/VVp<>l/Sc|U  2.1.  IW  t 
could  represent  a  single  angle  RCS  measurement  of  a  Idem  dielectric  cube,  vertical  transmit, 
vertical  receive  polarization  ( VV).  This  path  would  be  associated  with  a  corresponding  data  file, 
say  “CUBE-RPL"  stored  somewhere  on  a  connected  mass  storage  system.  This  methodology  is 
sufficiendy  generalized  so  that  any  kind  of  data  files  can  be  organiz^  using  the  database. 

Once  entered  into  the  daubase,  the  data  files  can  be  manipulated  in  several  ways.  There  are 
options  for  moving,  compressing  and  decompressing,  editing,  \iewing,  and  plotting  data  files. 
Compression  and  decompression  is  accomplished  using  Gnu's  freely  distributable  GnuZlF 
compression  code.  It  typically  compressed  files  at  a  ratio  of  5  to  I  saving  large  amounts  of  disk 
space.  Although  the  database  has  its  own  algorithms  for  plotting  multiple  data  files  on  the  same 
paph  (in  a  Window),  the  program  is  bundled  with  RPLOT  software  developed  at  Concordia 
University.  RPLOT  is  a  complete  plotting  package  providing  options  like  zooming  and  axes- 
scaling. 


Ok  of  the  thenKS  for  database  developitKnt  is  easy  Kcess.  For  this  reason,  the  daubase 
has  been  wriRen  under  the  Microsoft  Windows  3.1  OS.  This  facilitates  the  implerricnuiion  of  a 
friendly  poini-and-  click  inurface,  and  allows  for  a  wide  distribution  of  ihe  database  software  and 
measured  diu. 


The  DFL's  RCS  database  file  currently  conuins  nearly  il(X)  experiments  representing  32 
nKgibytes  (uncompressed)  of  single  angle  RCS  measurements.  Once  the  full-angle 
measuretTKnts  ate  included,  the  database  will  represent  several  hundred  megabytes  of  measured 
data.  However,  only  part  of  this  data  is  released  for  public  distribution.  This  includes  all 
published  dau  and  data  indeperdeuily  verified  by  comparison  with  compuiational  codes. 
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VALIDATION  OF  TARGET  MEASUREMENTS  IN  MULTIPATH  ENVIRONMENT 

A.  J.  Sioyanov,  K.  M.  Wilson  and  Y.  I.  Stoyanov 

Canlerock  Division.  Naval  Surface  Warfare  Center 
Beihesdu,  MD  20O84-SOOO 


Abalract 

Computer  models  provide  the  flexibility  and  insight  into  the  relationship  among  the  basic 
panmeters  that  may  be  difTicull  to  obuin  from  measured  dau.  Improvements  in  the  computational 
techniques  pentiit  exploring  wider  ranges  of  natural  phenomena  influencing  radar  signatin.  In  this 
paper  we  present  comparison  of  calculated  and  experimenul  results  of  radar  beckscanering  from  a 
trihedral  comer  reflector  at  different  aldtudes  above  the  sea  surbce.  The  presence  of  the  sea  suince  may 
substandally  influence  target  radar  cross  secdon  (RCS)  since  the  electiomagnedc  wave  propagadon  is 
doadna'ed  by  two-path  coherent  interference  between  direct  and  surface-reflected  waves.  The  target 
RCS  may  vary  consideiably  as  a  funedon  of  radar  and  target  height  above  the  sea  surface  due  to 
different  propagadon  path  lengths.  Rclanve  variadons  in  the  RCS  of  the  comer  reflector  are  calculated 
for  different  radar  and  target  heights  above  the  sea  surface  at  different  ranges  and  validated  using 
meuured  data.  Influence  of  the  multipath  lobing  on  the  RCS  measurements  of  radar  targets  in  the 
marine  enviionment  is  also  considered. 

Introduction 

The  growing  interest  in  the  radar  cross-section  of  Navy  targets  calls  for  accurate  modeling  of 
natural  phenomena.  In  many  cases  the  radar  signature  of  a  marine  target  includes  effects  of  cluner, 
muldpaih  and  target  motion.  Analysis  of  the  target  RCS  requires  accurate  determiiiadon  of  all  the  effects 
influencing  ladar  returns.  The  two  lasic  methods  of  determining  radar  reflectivity  of  full  scale  targets 
are  suite  and  dynamic  measuremenu.  The  static  nwasunments  when  conectly  implemented  are 
inherently  accunie  and  repeauble,  but  limited  to  urget  sizes  which  can  be  handled  conveniently.  For 
those  cases  where  the  target  cannot  be  positioned  for  static  nwasuremenis.  dynamic  measuieinenis  are 
used.  The  major  advanuge  of  the  dyiumic  RCS  measurements  is  that  "real  world"  dau  are  obtained. 
While  dynamic  RCS  dau  are  very  pr^cal.  one  must  be  careful  about  concluding  that  the  measured  dau 
include  all  major  scattering  centers  of  the  largcL  Environmental  influence  and  limitations  on  the  viewing 
angles  and  ranges  at  which  good  measurements  can  be  made  encourage  repetitious  measurements  which, 
however,  can  easily  produce  high  costs.  Analytic  techniques  become  valuable  for  analysis  of  different 
conditions  and  trade-offs  that  may  itifluenoe  radar  scattering  from  a  target. 

Considerable  research  has  been  conducted  on  low-elevation  angle  RCS  measurements  of  marine 
laigeB.i'^  Since  the  target  is  located  on  the  sea  surface,  part  of  the  nnsmiiied  riinal  from  the  radar  and 
the  return  signals  from  the  individual  scaoerers  on  the  target  are  reflected  off  the  sea  surface.  The 
surface  reflected  signal  and  the  desired  signal  from  the  taiget  form  a  coinposiw  signal  that  enters  the 
main  beam  of  the  radar  and  may  seriously  degrade  its  paforanance.  The  diim  path  ^multipatbieiuni 
signals  sum  constructively  or  destructively  so  that  energy  illuminaring  the  target  may  increase  or 
dreiease  ns  compared  with  free  space  ineasuremems. 

It  was  shown  earlier  that  the  lobing  smiaure  due  to  the  interference  of  the  direct  and  reflected 
signals  creates  problems  for  radars  operating  at  low  etevalion  angles  because  severe  fading  and 
distortions  in  measured  RCS  can  occur* .  To  quantify  fading  and  ditionions  in  measured  RCS,  a  series 
of  CAperiments  was  conducted  at  Sanu  Cruz  Radar  Imaging  Facility  (SCRIP).  Measurements  vrere 
made  of  radar  returns  from  a  trihedral  comer  reflector  of  known  fiee  space  radar  echoing  area.  A 
helicopter  with  the  mounted  vihedral  descended  from  high  altitude  to  the  ocean  surface  and  then 
ascenid  at  the  same  range  to  determine  the  sea  influence  on  a  scxiierer  along  the  vertical  direction. 
Measurements  of  the  multipath  effects  have  been  perfomied  at  different  ranges.  A  computer  model  was 
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used  in  predicting  RCS  returns  from  the  trihedral  at  various  elevations  above  the  sea  surface.  Results  of 
the  measurements  and  computer  calculations  are  piesenied  below. 

2.  Multipath  Measurements 

To  investigate  ine  multipath  phenomenon  under  controlled  conditions,  a  series  of  measurements 
were  conducted  at  Santa  Cruz  Island  located  west  of  Los  Angeles  in  October  1992.  The  SCRIP 
antermas  are  poddoned  at  two  different  sites  located  at  the  edge  of  a  high  cliff  above  the  Pacific  Ocean. 
The  high  elevation  site  antennas  are  mounted  1250  ft.  above  sea  level.  The  low  elevadon  site  antenna  is 
trawnt^  further  down  the  cli^  only  1 10  ft  above  the  sea  surface.  The  low-elevation  site  antenna  is 
connected  to  the  high  site  using  optical  fiber  cables.  The  RP  signals  are  converted  to  light  signals  and 
shipped  back  and  ^rth  to  the  low  tile  on  a  tingle  mode  fiber  apde  cable.  Two  fiber  optic  tiansmit- 
recetve  links  ate  used. 

Calibradon  of  the  high-elevadon  site  radar  it  performed  using  a  24-  ^  24  in.  dihedral  comer 
renecnrmouniedonacUfrsaine  1500  fk  from  the  antenna.  The  RCS  of  the  dihedral  comer  reflector  at 
10  GHz  is  35.8  dBsm.  For  the  low  site  a  35.875  in.  trihidnd  comer  reflector  is  used  some  2500  feet 
from  the  antenna.  The  RCS  of  the  trihedral  comer  reflector  at  10  GHz  is  35.1  dBsm.  A  complete 
calibndon  of  the  radar  system  is  perfoimed  immediately  before  and  after  the  test.  Periodic  system 
checks  ate  petfonned  during  the  test 

All  RCS  measurements  were  taken  using  a  step-chirp  waveform.  Each  burst  consists  of  a  series 
of  pulsed  sinusoids  the  frequencies  of  which  increase  in  equal  inctemems  from  some  minimum  value  to 
a  maximum  value  over  the  duruion  of  the  bursL  The  base  frequency  of  9  GHz  is  increased  in  256  steps 
so  that  the  total  band-width  is  236  MHz.  The  radar  return  from  an  illuminated  patch  at  a  specific 
downrange  locadon  is  meuuied  by  mea.'is  of  range  gating.  The  down-range  dimension  is  one-half  the 
pulse  length  expressed  in  units  of  length,  or  one-half  the  pulse- width  times  the  ^ed  of  light.  Range 
lesoludon  of  0  J9  m  is  achieved.  Both  vertical  and  horizontal  polarizations  are  avsilable. 

Figure  1  shows  the  calculated  RCS  of  the  triangular  trihedral  comer  reflector  versus  elevation 
angle  at  two  diflerent  azimuth  angles  when  one  of  the  trianguiar  faces  is  horizontal.  The  RCS  of  a 
comer  reflector  provides  strong  arid  relatively  steady  signal  return  over  a  wide  range  of  aspect  angles. 
The  RCS  of  a  triangular  comer  lefleaor  as  a  function  of  spherical  angles  9  (elevation)  and  <p  (azimuth) 
is’: 


<7< 8, If)  -  ^a^[cos9  +  cosp)  -  2[cos6  +  sin6(sinp  +  cosp]**]^  (I) 


where  a  is  the  dimension  of  the  orthogonal  edge  of  the  triangular  comet  reflector.  Note  that  the  RCS 
of  the  trihedral  oomer  reflector  cnanges  only  0.5  dB  from  its  ttaximum  value  within  8  degrees  in 
elevation  and  10  degrees  in  azimuth.  Such  stability  over  a  wide  range  of  aspect  angles  is  more  than 
suffldeni  for  the  trihedral  to  be  mounted  in  the  heiioopter. 

The  first  measutetneni  run  was  executed  with  the  trihedral  mounted  in  a  helicopter  making  a  360 
degree  turn  at  about  800  ft  above  the  sea  surface  to  avoid  any  multipath  effccu.  Figure  2  shows  target 
altitude  and  the  RCS  returns  for  H-polarization  from  the  helicoptCT  and  the  trihedral  that  indicate  a 
consistently  higher  RCS  when  the  radv  is  looking  directly  inm  the  Dihedral  than  the  lenim  from  the 
helioopter.  Relive  returns  from  the  trihedral  comer  reflector  and  the  heiict^ier  were  measured  fioro  the 
high  site  some  3  nmi  away.  Measured  median  RCS  values  for  H-polatization  are  about  32.0  dBsm  that 
corresponds  to  the  predicted  maximum  RCS  of  the  trihedral.  It  is  interesting  to  note  that  the  maximum 
RCS  of  the  helicopter  does  not  exceed  25  dBsm  except  for  a  few  bursts,  '^e  median  return  from  the 
helicopter  is  about  14.2  dSsm  for  H-polarizadon.  The  median  RCS  of  the  trihedral  is  greater  than  the 
radar  return  fium  the  helicopter  by  more  than  10  dB.  Clearly,  median  RCS  contributions  from  the 
helicopter  are  an  order  of  trragniiude  smaller  than  the  median  RQ  of  the  Dihedral. 
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The  RCS  measuremenis  of  the  trihedral  comer  reflector  in  the  helicopter  were  performed  from 
the  high-  and  low-elevation  radar  sites  at  three  different  ranges.  Each  run  consisted  of  measuring  RCS 
returns  ftom  the  trihedral  when  the  helicopter  was  descending  from  some  300  ft  above  the  sea  surface  as 
low  as  possible  and  then  ascending  again  to  the  initial  altitude. 

Position  of  the  scaiterer  relative  to  the  sea  surface  was  obtained  using  a  digital  altimeter.  The 
altimeter  provides  digital  output  and  interfaces  directly  to  data  acquisidon.  The  alntneier  is  calibrated  and 
has  a  diuU-diaphragm  pressure  sensor  which  has  extremely  low  sensitivity  to  shock,  vibration, 
acceleration,  aid  changes  in  orkniadon  or  temperature.  Calibration  daui  are  stored  in  ROM  memoty, 
a.-id  groups  of  readings  can  be  averaged  before  storing  on  a  hard  disk.  Accoiding  to  manufaaurer 
sperificadoot,  the  accuracy  of  the  aldtnecer  is  ±  8  ft  and  the  aldtude  lesoludon  is  one  foot.  Aldnide  is 
recorded  every  second. 

To  ensure  the  maxirruim  radar  scanering  from  the  trihedral  comer  reflector,  a  television  camera 
was  installed  to  guide  the  pilot  in  orienting  the  helicopter  so  that  the  trihedral  always  faced  the  radar 
antenna.  Figure  3  shows  the  altitude  and  the  RCS  data  measured  at  the  high  site  as  a  funcdon  of  buret 
number  (alternatively,  burst  number  can  be  nanslared  into  dine)  for  the  horixontal  polaiizadon.  Hgure  4 
shows  the  aldtude  and  the  RCS  data  measured  si  the  low  site.  Note  the  differences  in  the  measured  RCS 
Icbing  structure  when  the  measuretnents  are  performed  from  the  high  site  versus  the  low  ladar  site. 

Figures  3  snd  6  show  a  portion  of  the  measurement  run  with  the  helicopw  ascending  ftom  the 
surface  to  150  ft.  at  5  nmi  range  for  high  and  low  radar  sites,  respectively.  The  150  ft  aldtude  was 
arbitrarily  chosen  to  represent  the  highest  posidon  of  a  scaiterer  on  a  ship.  Large  fluctuadons  in  the  RCS 
of  the  trihedral  comer  reflector  are  observed  for  measuiements  perfoimed  from  the  low  site.  Note  that 
the  RCS  of  the  refleaor  stabilizes  when  the  helicopter  is  hovering  at  the  same  alniode.  The  RCS  values 
sirengly  depend  on  the  height  of  the  scaiterer  reladve  to  the  sea  surface  and  may  vary  as  much  as  20  dB 
when  measured  flom  the  low  radar  site.  The  meditn  R(3S  of  the  scaiterer.  however,  varies  only  i  few 
dB  when  all  RCS  measuretnents  are  included  from  the  sea  surface  up  to  150  ft.  The  following  table 
shows  median  R^  values  of  the  scaiterer  measured  from  the  high  and  the  low  radar  sites  for  b^  the 
ascending  (a)  and  descending  (d)  helicopter. 

Median  RCS  of  scaiterer  measurements  above  the  sea  suiface. 


HishRjdi 

Low  fUdtr  Antenna  Sile 

Mediin  RCS.  dBsm 

Median  fUnee.  nmi 

Median  RCS .  dBon 

2.84 

32.76 

2.90 

33.08 

lllFJIflW 

2,»I 

32.91 

2.90 

J4,I3 

5.1» 

33.9F 

3.06 

32,83 

'lisnioa 

5.17 

34.01 

5.01 

35,30 

8.18 

30.67 

8.14 

29.61 

8-18 

31.04 

8.13 

32.75 

The  median  RCS  values  presented  are  averaged  (average  RCS  return  is  calculated  for  all  256 
frequencies  in  dw  burst)  and  again  medianized  for  all  bunts  during  the  target  descent  from  1 50  fr  to  the 
sea  surface  or  for  the  target  ascent  from  the  sea  sutfaoe  to  an  altitude  of  ISO  ft.  Median  values  are 
chosen  to  avoid  target  RCS  dependence  on  the  number  of  bursts.  The  median  RCS  measured  at  the  high 
site  shows  stable  returns  for  the  two  polarizations  and  are  almost  the  same  for  descending  or  ascending 
periods  at  a  given  range.  DifTerences.  however,  are  present  between  the  median  RCS  of  the  scatierer 
measured  at  the  low  radar  site  for  the  descending  or  ascending  periods.  The  differences  in  the  median 
RCS  become  progressively  larger  as  the  range  increases.  Such  insubility  is  due  to  strong  multipath 
influence  on  measured  RCS  values  of  the  i^et  at  low  rsdar  sites. 

Figures  7  and  8  show  relative  variations  in  the  RCS  of  the  taigei  measured  ai  low-  and  high- 
ndar  siies  as  a  function  of  target  height  at  the  5-  and  8  nmi  range,  respectively.  Relative  varunons  in  the 
RCS  of  the  trihedral  comer  reflector  measured  at  the  high  and  low  radar  sites  can  be  calculated  directly 
from  the  given  height  of  the  transmitting  antenna,  the  target,  and  the  distance  between  them. 
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The  Multipath  Phenomena. 

Multipath  effects  occur  since  the  sea  surface  can  act  as  a  good  radar  reflector,  especially  when  the 
surface  is  smooth.  The  direct  path  electromagnetic  wave  combines  with  the  wave  reflected  from  the  sea 
surface  so  that  the  target  is  illuminated  by  complex  wave  front.  The  reflection  properties  of  the  sea 
surface  arc  not  subject  to  control  and  depend  on  the  toughness  of  the  surface.  If  we  examine  the  phases 
of  the  Ltdividual  umves  arriving  at  the  target  from  the  sea  surface,  we  will  generally  ftnd  that  a  traction 
of  these  phases  will  be  randomly  distributed  (diffuse  scattering)  and  the  remainder  will  be  strongly 
correlated  in  phase  (coherent  scattering).  The  diffuse  scattering  can  be  neglected  in  the  flrst 
apptoximalion  for  small  grazing  angles  brritnc  the  phases  in  the  diffuse  scanering  tign^  produce  a  field 
strength  that  is  .nmall  compared  with  the  coherently  reflected  field.^  The  result  of  the  interference  effeas 
among  the  various  paths  between  iidar  and  target  is^: 

owo^e)IFl2  (1) 

whete  Os(0)  is  the  RCS  of  a  scattera  in  free  space.  The  factor  F  is  the  function  of  many  parametera: 

F-A*2iiB+u2c  (2) 

in  which  A,  B,  and  C  tcpresent  individual  patterns  and  are  functions  of  antenna  pattern,  elevation  angle 
and  fsequeiic]^.  Each  term  can  be  traced  to  one  of  the  interaction  effects  benveen  the  radar,  target  and 
tea  surface.  The  first  term  represents  the  pauem  that  would  be  mcasuied  had  the  sea  not  been  present 
and  thenrfoie.  represents  the  free  space  pattern  of  an  isolated  target.  The  second  term  includes  two 
contributions  which  are  identical  and  represent  the  interaction  of  the  target  with  the  sea  surface.  These 
two  single-bounce  paths  are  identical,  because  of  the  reciprocity,  hence  the  multiplicative  factor  2  is 
present  in  Eq.  (2).  A  multiplicative  factor  4  represents  a  single  bounce  mechanism  and  denotes  a 
complex  teflection  coefficient  for  the  sea  surface.  The  third  term  in  Eq.  2  represents  the  partem  of  the 
image  of  the  target  in  the  sea  except  for  the  double  bounce  factor  4^.  Thus,  the  cumulative  effect  of  the 
three  scattering  components  (direct,  single  bounce  and  double  bounce)  is  present  in  the  radar  echo 
response. 

A  simple  theorcdcal  model  has  been  developed  to  calculate  the  specular  reflection  coefficient,  4. 
of  rough  surftce^.  The  rooc-mean-square  (RMS)  value  of  the  specular  reflection  coefTiciem  is: 

(4)ltMS  “  (PslltMS  C  (3) 

whete  p,  is  the  specular  scattering  coefficient  and  G  is  the  reflection  coefficient  for  a  smooth  sea  surface. 
For  a  Gaussian-model  rough  surface: 

<Ps>^iveia*e-exp(-(4jtAhsinip/2.>2)  (4) 

whete  Ah  is  the  roor-mean-squared  deviation  in  surface  height,  y  is  the  grazing  angle,  and  X  is  the  radar 
yave  length.  The  quantity  in  the  parenthesis  is  just  the  phase  difference  between  two  rays  that  reflect 
from  the  rough  surface:  one  ray  reflecting  from  the  mean  surface  level  and  other  from  a  crest  of  height 
Ah  on  the  surface.  This  simple  theoretical  model  agrees  fairly  well  with  actual  measurements  over  a 
range  of  grazing  angles*.  The  propagation  measurements  with  which  the  model  can  be  compared  permit 
only  relatively  crude  estimates  of  Ah,  and  it  does  not  apirear  useful  to  consider  more  elaborate  models 
until  more  complete  and  accurate  dau  with  quantitative  ground  truth  are  obtained.  A  sea  state 
description,  however,  can  be  related  to  the  root-mean-square  wave  height  and  grazing  angles.  For  sea 
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states  and  grazing  angles  exceeding  about  twice  the  critical  angle,  the  specular  component  becomes 
insignificant,  and  reflection  coefflcient  will  depend  upon  the  diffuse  scattering  factor^. 

Figures  9  and  10  show  calculated  RCS  of  the  trihedral  comer  reflector  for  9.2  GHz  at  low-  and 
high  radar  sites  for  S-  and  8  nmi  ranges,  respectively.  The  range  and  positions  of  the  reflector  relative  to 
the  sea  surface  are  measured  values  during  each  experimenral  tun.  The  similarity  between  the  calculated 
(Figures  9  and  10)  and  measured  (Figures  7  and  8)  RCS  values  for  different  target  altitudes  is 
teituifcable  considering  model  simplifications.  The  differences  in  the  lobing  structures  can  be  attributed 
to  a  number  of  environmental  factors  attKtng  which  sea  swells  may  play  imponani  role.  The  agreement 
of  the  calculated  and  observed  RCS  can  funher  be  improved  by  considering  relative  changes  in  the 
antenna  and  target  positions  during  the  experiment 

Concluaions 

It  has  been  demonstraied  that  a  theoretical  model  is  capable  of  describing  RCS  measurements  in 
the  tnuldpath  environment  Differences  in  RCS  values  for  a  given  targei  measur^  at  low  and  high  radar 
sites  are  clearly  identified  and  explained  using  straightforward  approach.  Future  wotit  on  the  multipath 
phenomena  will  be  aimed  at  extending  the  range  of  sea  conditions,  target  geometries  and  ta^ 
parameters. 
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Figure  1 .  Calculated  RCS  of  ttie  triangular  trihedral  comer  reflector. 
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Figure  2.  RCS  of  the  trihedral  mounted  in  a  helicopter  making  360  degrees 
turn  at  about  800  ft  above  the  sea  surface  measured  from  high  site. 


332 


IS  iO  25  SO  35  40  45  SO 

KS  lObal 

FignS.  Conoiisoo  <5  M  loitiiii  lontions  in  If*  RCS 
ablid  a  S  Mi  i»gi  liooi  M  It;)  HO  IM  sK 


IS  20  25  31  35  40  45  SO 

RCS  (ORin) 

Rgtit  to.  Conpoiim  i  l»  iiWn  onions  ii  in  RCS 
ciaM  I S  Mi  iit3]i  tron  boti  bigi  ani  Ion  its. 


334 


m  THE  BEKCaiMQC  SOICTION  OF  A  TYPICAL  ENGIKEERING 
LOSS  PROBLEM 

I  CIm»  a  Hi*  &  Gt«.  1  Lit.  C.  Tt.  M  ft 

lt«4Uf  Ifualtntr  Vttki.  It«4ii|  ItlfM.  Ckitt 

AKTIACT 

nii  hh'  iatrodicM  i  btutaukaodil  elmd  to  t  tniul  loii  frobla  it  dietrictl 
nfiMiriift  rrHWti  tb«  tiitltf  tmlli  af  tM;  citmti,  nfsttie  flu  dtaiitiai  ud 
foitr  loiiti  «itk  rtipact  to  tka  aodal,  firtkar  rariflta  tka  milibla  cnpatar  cadai. 

1.  DGiNmiiE  cAcnarao) 

Tka  total  itrij-fiald  loot  of  laifo  paatr  tfaaafanara  ctiiad  ii  aiadiifi  aad  attaetiril 
partifU  cm  kc  abtaliad  bp  laard-laao  taiti  kaaoral,  it  la  diffieilt  ta  aiietip  datamiao 
tka  diatrlbitioi  af  t.atal  laaa  aiikar  bp  axpailaaat  or  bp  aaalpait.  Botaaact,  tka  caapatini 
raaalta  af  aa  Ittfa  aGfuacriag  field  ptoblm  cm  cat  ba  attietlp  carifiad. 

It  it  ratllp  ateataafp  ta  aatabliak  a  radiaad  pt^loa-erimtad  andal  akiek  aaabla  ai  to 
kaaa  tka  Utataatad  data  ia  datcll,  fat  caat^lt,  tka  3-D  aspatic  flax  daaaitiaa  tad  add; 
carraata  iaelidiai  tkaii  aatefomt,  tka  dlatribatim  af  tka  ttrap-  fiald  laatat,  tka 
kpetaraaia  ud  tkialdUf  aftaata.  ate.,  ud  atpiatt  aaailablc  ecopitar  cadet  eat  ba  fartkar 
aatif iad  tkroa^  tkit  kmekaark  Mdal. 

Taia  tttap-fiald  laia  Mdaltid  b  B  13-4]  ktTt  kata  atda  ia  Baodiaf  Truifantr  ffarkt 
laadilf  Ckiaa.  Fif.  1  tkaaa  tka  atfiaatriaf  kaekrraaad  of  tka  aadal. 

2.  BDnauBumcL 

3. 1  Daacriptioi  af  tka  Mdal  (A  b  B 

Mtdtl  B  eaaaitta  af  too  alr-ca?a  rBitiaf  atilt  tad  a  ataal  plate  oltk  to  kola  me  tat 
aaar  tka  coilt.  tka  axcititf  carraata  flaoiag  ia  diffaraat  cailt  art  ia  tko  oppaaite 
diractima 

Tka  Nodal  A  kaa  tka  aatie  axcitiai  cailt  u  Nodal  B  md  tw  ataal  platai  htiaf  aaarbp  tka 
etila  la  tka  crater  af  oat  ataal  pitta  of  Nadtl  A  tkara  ia  a  kola. 

13  lapat  parraatara 

Tka  dirattiaai  af  tka  ataal  platai  aad  tka  cailt  atra  ikaaa  it  Fi^  2.  tka  otkar 
parraetara  art  at  foilooa; 

13.1  Staal  plita 

(a)  B-H  carTo  iti  tkora  ia  Fig.  3. 

(U  Caadactiaitp  6/U:  6.87S1'10*  at  20  C 

2. 12  bcitiaf  coil 

(al  Tara  tobar  af  aaek  coil;  300  tana. 

(h)  Bxcititf  cirraat  (AC.  80  Hi);  IIGIA)  (rat). 

(e)  Diataiioa  aad  eaadactiritp  of  capper  oire, 
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].  0  BB  tkiekiiK  ud  6. 7  B  kiiiKkt  for  koro  <ir». 
no  ut  loctlottl  oroo  of  tki  airo  >  13.M  n 
CoidtctiTitT  e/H  ;  6.714in0'  ol  SO  C 

].  3  iluotitioi  to  ko  e^ittd  tad  nooiorod 
2.11  IlMittle  fill  ditiititi  tt  iMcifiod  potUioai,  ict  fig.  4  ud  Tiblo  1; 

112  Puor  looioo  eoiiod  li  tko  itooi  fUtoo,  mo  Tibli  2; 

113  Total  Bfaatie  flu  latorllakad  aitk  atool  plate  at  ipteiflod  poaitim,  tee  Fig.  5 
ud  Table  3; 

114  Total  BfBOtie  flu  litorliakid  aitk  tko  oultiai  colli,  lu  Fig. 3  ud  Table  4: 

115  Udp  eirrnta  at  tpoaiflod  poiitiua  oi  tki  iirfaee  of  iteol  platoa,  iie  Fig 7  ud 
Taklo  3: 

111  Udp  eirtoat  loiioe  caiud  it  tko  oicitltf  eolla  aitk  ud  aitkoit  atul  plate,  tee 
Table  I. 

1  TUrnU  UBOLTS 

Tko  l-D  iddj  eirroat  eodit  bated  u  Ike  T-<kll-ll,  tke  Ar-V-Arl2]  ud  the  ecabinatioa  of 
tki  T-4  tad  tkt  Ar-V*Af  111  dinloptd  bp  utktri  tiro  tied  to  uilpit  tke  oadili  ia  hotk  tke 
tiai  htiMaie  ud  tka  truiint  laita  Tka  brick  clunt  aitk  I  ao^i  ud  tko  PIOOG  toiler 

Wtt  idtptoi 

Tko  slrror-iBCt  Btked  ati  tied  to  calctltto  tko  Bpitle  field  ud  oddp  earreat  loiiei 
of  cxeitiaf  eeila  far  Model  B.  Tke  l-D  P.t  coda  ikon  t  2-D  diitribatiw  of  micaatie  field 
u  tka  a]Batrie  plut  of  tke  Mdata 

Tko  Gaaiuatar  taidt  bp  F.f.  kill  ate  atod  touaiare  tkt  atfaetie  flax  deaiititi  at 
epwifiod  puitiua  uttido  itoel  plate,  ahilc  the  ’  iaterliakod  eeile'  acre  tied  far 
■aanriag  Bpotie  flu  kaeititi  iialda  etool  plate,  tt  ikau  ia  Fig  11  Tke  wiifarw  of 
tke  flu  dueitlei  acre  obtaiaed  bp  a  '  enpattr-aidtd-toit’  ipetin  deiolopod  bp  latkeri,  at 
ull  u  tke  atitftrB  of  tke  eddp  earruta  at  ipuifiod  poaitiui  u  tke  larftce  of  iitol 
platoa 

Slice  total  ctrap-ficld  loteei  ure  diatribttad  it  both  itccl  platci  ud  ezeitiag  coili, 
to  eplit  that  a  eubiitd  utkod  of  cxpcriBit  ud  ualpela  au  ued,  1.  e. ,  tke  total  itrap- 
-fiald  loaut  wro  Banrid  abilc  both  tko  iooHa  of  tko  eoili  ud  tke  laeiot  of  iteol 
plate  urc  ealeilttcd. 

Sob  Buarod  ud  eugttod  reialte  of  ugutie  flu  dneitiee,  oddp  eaireato  ud  poaor 
lutca  wra  akou  U  Fig  8-14  ud  Tabic  l-l 

4.  OONCUBICNS 

Tko  bcukBrk  oodcl  daierlkcd  koro  la  gaita  doted  to  the  atrip-field  loti  probla  ia 
pour  truifaiBra  The  detailed  tcetiig  of  tke  problB-orinttd  aodel  to  lerifp  iirieai 
patiibli  ualpili  Btkode  it  teceiaarp  before  eoliitg  aora  gueral  pre<  on  proklcei 

Tke  preieated  reailtt  of  ugutie  flu  dtaeitiee,  eddp  carreati  ud  poaer  loiaei  aitk 
raapeet  to  the  aadoi  teu  to  be  aitiefaetorp. 

Aekiealedgeaeat 
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Evaluation  of  Radar  Signature  Predictions  Using  XPATCW 


R,  O.  Jemejcic,  A.  /  Terzuoli,  Jr.  •  Air  Force  Institute  of  Technology 
R.  F.  Schindel  •  Sverdrup  Inc. 


ANMcc  tv  akitity  »  idtmUfy  okjtctt  fnm  niat  tifatUMi  to  mfetHimmitg  irnmtst, 

Hh^ptmUutm  raw^fc— riw  TV rMar  aieittiMtt  pfdiciim  c*d4 

XFATCH [1] I* mm ta  gtmtnta gmek  t  liUm fcig*  frtfmmey  paivimtlric  c#4r  kmtd  »m  <fc« 

5h— rfiif  tmd  M^rnmcirng  Uf  (SMtL)  (2h  fkpk^  Optkt  (PO),  mmd  tka  Irnrarnml  UrnfA  Diffmctiam 

Ca^fk^mt ffLDC) /J7.  XPATCH mMittfiMfaettai raptmmtaaiamtaf tka wkfatu  Mu/ faaiitni. 
Wmi  tmvana  Sptiktkr  Apar^ira  Wadar  (tSAtt)  atgmaamfai,  Ms  papar  maiparat  XfATCff  data  $a  maaaarad 
data.  Ttaa stalls  maftlbaaara gaamtlrtaa ma aaad  in  Ifcfc  r§mpar1iam 

tairadaettaa:  XPATCfi  hM  tbtMiy  oDdergaoe  exteaiive  validtikso  tbc  frequency  domnin  red  tinte  donttin. 
aiingpcliniiive«rdoaaplai<k:q»  (41.  Ai  eietnlt  tthub— dfwnneiMihmfae  vabdityofX>*;rCtf  iqulante 
Ufhly  nucqKible  to:  1)uiersekxiedinpotpnieaen.2)oieastnmemenurardeuusediDibevelidaiionpfDCess. 
3)  factcifluk»  kveli  (tte  number  and  size  of  (be  (aceu  used  ia  (be  geometry  file),  and  4)  the  electhcal  size 
(wiveieofth  vetsus  ofajea  size).  AH  ibeie  fncm  me  agaifioni.  both  when  seleciiDg  tV  test  geomeiAfs.  and  when 
analyxiDg  (be  lesults.  A  serlet  of  ISAR  naget  were  foomd  usieg  (be  measured  data  of  three  iltg btly  diflerent 
kwM  dUBdrab  aB4  Of  a  WhsL  XPArCTf  waa  then  oaed  to  predict  data  over  ibe  same  set  of  angles  and  frequcDCies 
thaiweRaaeitund.  ThbiMgKfaDalyzBsbowwmiXPATtTfteprodacedtbecoaBglexdiecshcfiBlddManecauaryto 
generate  BKb  higb  leiohnioo  radar  attges. 

DfVdwIi:  Sipoe  the  pfodoction<^lu|hre80lrtlon  ISAR  hnages  wet  a  goal  the  geooietrieticiccied  needed  to  have 
reacBly  idenbfttbte  femmes.  IV  loatM  dibedot  b  faaticaUy  a  sqtmre  sided  metal  right  dihednU.  each  plate  being  12 
inches  ID  a  side.  Amcttlcylmdricilbealorrod.iaaaicbediotetn(ersectioBofibeiwoj>iaies.  Rguret  shows  a 
faceted  ezanyte  of  one  wch  dUawhil;  three  ^ffoeni  bead  dUnetert  were  used.  At  bat  bm  noted  elsewhere,  the 
level  of  (accttaadoo  of  (be  CAD  model  plqrs  an  impoftiM  role  in  te  accvacy  of  (be  ptediciion.  The  three  dibednls' 
facet  models  wem  all  created  with  (be  sane  let  cTfacapanacters;  beneeaBaRiairlycloieiDibeaamberoffaceo 
in  each.  Tbe  dibedial  bead  dianeien  and  facetixaiiQtts  arc  it  f^kws:  91)  large  bead  ditaeibaL  0.5' diameter.  7954 
faced',  #2)  meditmi  bead  dlbedtah  OJS'  dtameter,  6050  tacctt;  *3)  isuU  dibediaL  0.125'  dlaaaeter.  509ft 
facea.  TV  Caoeied  geoaamry  Oka  were  created  llal^  tV  Advaaoed  Computer  Aided  Desiga  (ACAD)  [51  software 
pa>~itage. 

AD  three  dihedtab  wen  imaged  with  cbe  mane  penmemn.  Each  waa  measumd  and  predicted  at  ISl 
angles.  Crom  -45  deg-  to  45  deg.  in  04  deg.  tncremfints.  Tbto.  at  Oo  aztmatb.  one  plaae  of  the  dihemal  wiU  be 
iflamhiaifri  spacriarty.  while  the  other  b  illiimhiiml  edge  oa.  HgaR2sbow«tbeobjktmomiimgaBidoriataiioo 
dmiai  measmemeoc  TVaimiberofftequcDCiesswtp(aieaBhmi|bwaal60Ufrom2tol8GHzmiBCRmeaoof 
20  MHz.  EacbKimmhcutwaitakeDataneievabaB^OP.acboitzcaaipolmbadoD. 

Figtves  3.  4.  5  show  the  (a)  tneaemed  »d  <b)  XPATCH  predicted  images  of  Dihedral  VI.  i2,  43 
reipectlnly;  tbcyaiaorbDtedaotbaiOdBg.isaitbeaopaftbe]i^.  Notice  bat  may  retma  from  iV  bom  edge  of 
tV  edgfr^  pbb  b  renipbmiy  absent,  while  a  very  bright  hard  Une  afgw^  wbere  ibe  ipeeMlar  plaie  should  be. 
Muldbottbce  eflecb  are  evident  in  the  bn  Dke  panen  spreading  out  to  eiibcr  side  of  the  interior  cemo  of  (be 

The  very  bright  line  nmnlDi  at  45  deg.  aooss  (be  dihedral  tmage  appean  to  be  an  mtibci  of  iV  Four 
Nearest  Naghbor  Interpolation  (FNNI)  scheme  used  to  geoerme  (be  tmage.  Thb  postabr  was  tested  by  Imaging 
another  object,  at  a  mu^  lower  resolntiCRi,  using  both  (be  FNNI  method  and  a  W  Dam  Set  Imerpcdatioo  (FDSI) 
taetbed.  IVie  lines  were  pceseni  in  (be  image  procesaed  osing  FNNI.  but  absent  in  the  imbied  created  using  FDSl. 
TV  same  set  of  field  dsu  was  used  in  both  eases.  Thb  phenomenon  seems  id  occur  when  a  geoneir-  consuls  of 
acute  interior  angles. 

Looking  further  at  the  nages  based  oo  XPATCH  predicied  dam.  we  note  (be  anaD  reun  from  the  freni 
edge  of  me  edge-OQ  plate.  This  b  becaioe  the  XFATC/f  beeted  rcprescataiioomodeb  the  places  as  solid  volumes 
with  a  finiiB  dadtnest.  It  does  not  appear  in  the  measured  images,  becautr  the  mrasuremeot  ebambo  has  a  rtoise 


^  Thb  work  was  supponed  by  the  U.  S.  Air  Force  Wright  Laboraiories. 
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Hoar  ncli  dial  liiiuls  daw  lo  or  Mow  iliii  value  at  aaiked  ■>;  dnwber  aoiie;  of  eoune  XPATCH  baa  no  sucb 
leratedoa.  Nodoe  alio  (he  fboit  Uaei  naaaiag  aosiewbai  diifOBiUy  behind  the  dihednl  image,  which  are 
ibaeni  is  tte  meiiwed  image.  Tbete  an  lOBewhatleii  aoticeaMe  in  die  XPArCN  predicted  image  or  dihedral  *2 
(Rguie  4<h)).  and  are  ccrapleiely  abaem  for  dihedral  t3  (Tigwe  5<b)).  Thu  it  could  be  due  to  the  bead  runoing 
alcog  the  iuide  of  the  comer.  Aa  the  bead  gets  smaller,  the  liims  disappear.  Notice  also  that  the  FNNI  diagonal 
streak  is  nearly  invisible  in  Figure  5(b). 

ngUR  d  shows  a  eapanded  image  oT  dihednl  01.  Notice  how  far  away  the  muldbounce  signal  extends 
horn  the  obieci.  Also  nose  the  Eainc  acuse  ngle  FNNI  iadaced  line  tunning  through  the  coiner  of  the  dihedral's 
image  which  cxieada  out  so  the  limits  of  the  image  teame,  with  no  sign  of  diminiihing.  For  a  very  complex 
geomaay,  iMs  phcaomaaon  oohU  ciooer  the  Image  so  aa  somalce  it  BUtGOgniiable. 

nphwr  The  mphit  oeesisit  of  a  OJ  meter  knig  by  Od  awier  illameter  metal  cylinder  with  a  13  meter  diameter 
chcalar  meal  fim  anaihfd  m  oae  cad.  The  geemehy  is  shown  in  Inceied  form  in  Figwe  7.  This  obiect  ww 
ainniinid  asid  prediesed  at  701  aglet,  tmm  -5  deg.  w  103  deg.  ia  iaacmems  of  0.15  deg..  The  number  of 
frequencies  aw^  at  each  angle  wm  1601,  from  2  (}Hzm  It  OHz  in  hicsBBcmsor  20  MHz.  Each  naimath  cut  wu 
tafemwaareevasioaaf  5Jdeg.,athoilnanalpaliiiiatlan.  The  slightly  posiiive  ekvation  cut  was  chosen  to  bring 
out  more  or  the  carved  edge  of  dre  beta  of  the  epbai.  Had  it  been  imaged  at  0  deg  .  eleviiicti.  the  brim  would  have 
been  skiply  a  might  line,  smulw  to  the  hmadsade  pines  oa  the  dihedral  imagu.  Rgure  8  shows  the  mounting  and 
orieUMioa  of  the  lophm  m  it  wm  memured. 

Because  of  the  size  and  weight  of  the  topbat,  it  ww  necessary  to  mount  it  permanently  on  a  counter- 
weighted  channel  beam.  This  wmihaafQaadiaameial  pole  that  attached  10  the  pylon  rotaioc.  The  lopbat  ACAD 
model  did  uot  iaclade  the  rhanari  beam.  Figwe  9  shows  gw  meatnied  icphai  iai^.  It  is  much  easier  to  ice  the 
sophat  in  this  mge  dam  hww  so  tea  ihndihadiili  in  ihsirinapecnve  images.  The  brim  is  well  deOaed,  as  it  the 
iaattior  edge  nreoe  the  cyhadermeem  me  brim.  In  ihiaiaiage,  me  radar  ww  swept  aciwi  the  upper  right  quadrant 
ofihepicinltamSdegiamehflofveiiiealm  lOdeg.pastmeiighchandedgnafihabrim.  Because  of  this,  we 
see  more  detail  on  the  r^t  tide,  mdading  specular  ream  fmm  me  right  side  of  me  cylinder.  On  the  right  sUe.  note 
the  mnUbmance  spnadiiig  at  the  petal  where  me  cylinder  and  brim  meet.  We  can  also  see  a  small  ancuni  of  edge 
diOraizian  cemiag  hum  the  kefi  side  of  the  end  of  the  cyUndcr  (labeled  Point  A). 

The  bilty  high  reiwn  oomlag  fnm  the  back  aide  of  the  lophai  is  the  lesuli  of  the  channel  beam  bolted  to 
the  hack  of  the  inphn  (indioatod  by  Faint  B).  Becanw  it  wwpeimiaeailyaioanted  to  the  topbat.  vecrorsubtractioo 
could  act  be  used  so  eliminar  ks  reasa.  Instead,  dearie  Radar  Absortwi  Mmerial  (RAM)  ww  wrapped  around 
the  flximc,  me  wcigbssnaedmcmmaarMaaoc  die  upbaL  and  the  mouatog  pate  affixed  to  the  pedenal  tourer.  In 
addiiian,  me  back  mifacc  of  me  brim  ww  coated  wim  magnetic  RAM.  to  prevent  navcling  naves  across  the  beck  of 
thebrini.  While  diis  did  nor  uaupterijy  mask  tbemoumiBg  ben,  it  did  greatly  reduce  its  lenire. 

NeuwekiakaiibelSARimigewpRiliciedbyZFArOr.  In’ugnre  10.  we  immediaiely  notice  me  well 
defined  brim  of  the  lophaL  Abo  ippwent  is  the  hi^  letwa  hem  the  iaieneciioo  of  the  cylinM  and  brim, 
pantcolariy  on  the  light  sUa.  We  cm  see  iheehamcteiiaoc  flaring  for  lobhig)diagosiaUy  horn  mb  poim.  Aswiih 
giedibedi^dibbpoaimiyaaamfeitMionafiheaialtibauaeeeffecL  lib  apparent  in  the mewnred  image  wrvell. 
thettiheonleewraBni  AgreMhanlihely  me  ictuh  of  me  Suite  noiee  floor  hi  the  meeeiiieaeeiii  range.  Weabo 
see  a  aanfl  eeaaa  Sem  ihe  fraal  leS  edge  of  the  cylinder,  jaKW  in  me  meanred  loiie  (petal  A  in  Hgwe  9). 

The  doc  meiorfeuneabaemb  the  reecalar  team  Sam  the  right  ridn  of  me  cyliiidcr.  ThbwwcHised,hi 
the nnnmwd haege, by i taeedeldt IBumlnMiim of thecylmdec, wan tacideat izininm of 90 deg..  WhibXPATCff 
does  not  pwdiacettain  types  of  seaperingphmwnaon.  lech  nuipdlfftnniini  and  Baveling/crerphig  waves,  mme 
of  meae  weuld  be  dominani  at  mb  arimmb  Faoeitaaiicn  b  oee  Ukaly  lenaon  lor  ihb  anomaly.  In  hb 

atdeb  on  the  eOecu  of  ftataaiot  level  on  XPATCH  predicrions,  Milkr  [$)  siaiet  dial  ihow  10,000  fweis  were 
lenerally  needed  to  baweaocanmictabs  for  a  donUy  carved  obiecs  inch  w  the  almond.  Iibpowibb  diatitmb 
patheutar  clevauoa  of  53  deg.'  there  are  too  few  faccb  on  the  aidea  of  the  cytaider  mat  b  perpendicalar  to  Use 
inf  idfiit  wave. 

Taariag  mb  hypomeab,  another  aa  of  predicaed  dam  wm  grntrated,  with  a  100  deg.  aperture  covered  tar 
iaorenieauofO.I5deg.,aadmeheqnmcyiwepibom2Dl8GHrai25MHznept.  The  anage  creamd  horn  mb 
dau  b  shown  in  Figwe  11.  Thb  dilltnai  let  of  mgba  and  frequacica  would  iaaare  mat  a  diSetcat  set  of  rayi 
andclheobicawimaditfereaiiaydensHyandMtofiacideaeeuiles.  As  one  can  see,  the  cylinder  edge  rabsing 
in  me  previnu  imife  b  eow  there.  So  it  ooeld  be  the  rerult  of  feortiaiion  am.  or  in  iitifact  of  Uie  imaging 
praoew.  Ezeept  tor  mb  one  innoiitimry.  me  AFATCW  image  appeare  ID  be  a  good  raaicb  wim  the  measured 

CsneiutwiB.-  Thb  set  Of  simple  ob^ectt  ww  used  to  evahab  XPATCH’s  ability  to  produce  high  resotaitioa  IS  AR 
images.  Of  penicubr  iaeieK  ww  the  etfea  of  multiple  bounces  of  me  incident  wmve  on  the  image.  These  tess 
highlighied  the  code's  caprixliHet  and  hmiiaiioot,  w  well  w  lacaors  ssxi  pmtneicrs  that  could  tigniricandy  effect 
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the  DdeUiy  of  tbe  pndictioii.  They  provide  iMilhl  kua  how  well  XPATCH  will  peifom  on  inore  complei 

geooieitiei. 
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Fifarr  7.  Dihtdral  Loaded  with  U1  etch  rod 


Figure  Z  Dihedral  measurement  orientation  and  mouiaint. 
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(•ImmutdlSAK 


(MprtdicudlSAK 

Fitun  3.  DUudrat  01,  larft  teal  H-peL  2-ja  GHz  m  20  MHz  tapa.  -45  to  45  drf.  in  0.5  dag.  steps. 


(ttfndicudlS*X 


Fitun  }  Dihtdral  »3.  small  itatL  H-poL  l  lSGHz  «  30 MHz  sstps.  -4}  te  45  in  0.5  dag 
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n!!n9^S^.  mimurtdlSAJi,  H-pol.  2-liCHi»XMIham.  ■lS»2Sdtt.  mOJSdit.  atps. 
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Vxaaaeonabl*  aoaia  airexaCt-Llka  Modal  Tor  tba  ▼alldatlon  of 
OoaputatioBBl  llaotxoaagBatio  Nodaia  and  Algorltlma 

by 

Donald  R.  Pflug  and  Oanial  B.  Narran 
Kona  Laboratory 
S2S  Srooittf  Ro4d 
srlffiaa  AFB,  MY  134 « 1-4  SOS 


A  noval  tachnlqua  which  utiliaas  Masuraaaiita  on  a  Tranatomabla  Scala 
Alrcraft-Llka  Modal  (TSAM)  to  valldata  coaputational  alactroaa9naticB 
(CEH)  coi^utar  codaa  la  daaerlfaad.  Good  agraaaant  batwaan  naasurad  and 
alaulatad  data  is  nacaasary  in  ordar  to  valldata  algorlthaa  and  aodals 
raslding  within  larga  eoivutational  alactronagnatica  (CBM)  codaa.  If 
coaiputatlon  and  aMasuraaant  arrora  ara  aufflciantly  saall  or  ara  )cnovn, 
tha  raaalnlng  dlffarancaa  batwaan  alaulatad  and  naasurad  data  can  ba 
attribtttad  to  algorithm  and  modallng  limitations  within  tba  coda.  The 
combination  of  thasa  errors  (simulation  error)  often  can  ba  estlmatad 
but  net  the  Individual  errors.  Tha  novelty  In  tha  taehnigua  is  to  maha 
maaauramants  on  a  scale  aircaraft-liXa  modal  that  Is  a  duplicate,  in 
both  form  and  substance,  of  tha  modal  in  tha  cods.  Dlffarancaa  between 
naasurad  and  simulated  data  than  can  ba  attributed  to  algorithm  error 
since  maasorad  and  aimulatad  aircraft  aodals  coincide,  rroa  knowladga 
at  both  algorithm  and  simulation  errors,  modeling  error  now  can  be 
aatlnatad.  Nodaling  and  simulation  errors  can  bo  adjusted  saparately 
as  required  to  aininisa  simulation  and  maasuramant  dlffarancea. 
Naasuramants  as  a  validation  tool  now  become  more  useful  and  helpful. 
Initially  TSAM  will  be  fabricated  using  conducting  canonic  shapes  and 
simpla  radiation  aouroas.  Over  time  it  is  axpoctad  that  tba  TSAM  will 
ba  modified  by  installing  new  components  that  correspond  to  new  cem 
simulation  capabilities.  Maasuramants  on  tba  transformed  TSAM  than  will 
ba  used  to  validate  tha  improved  simulation.  Advanced  TSAM  coaponants 
ara  orpactad  to  include  nonmatallie  matarlals,  doubly  curved  surfaces, 
realistic  aircraft  shapes  and  aero  sophisticated  radiation  sources. 

latrodnotiom 

During  tba  last  twenty  years  a  larga  number  of  computational 
alectrcmagnetlcs  (CEK)  codas  have  bean  developed  by  numerous 
individuals  ar.l  organisations.  These  codas  range  from  larga,  multi¬ 
purpose,  widely  dlistributad,  well  maintained  and  validatad  simulations 
employing  sstablislied  numerical  techniques  individually  or  in  hybrid 
combinations  to  perform  system  laval  CQ(  analysis  to  smaller, 
spaclallzad  codes  devaloped  by  individual  researchers  using  stata-of- 
tha-art  methods  to  attack  vary  specialised  or  specific  sets  of 
problams. 
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A  vary  laporCant  aapact  in  tha  davalopnant  of  any  coi  aoda  la 
validation.  Tha  problaaa  aaaociatad  with  coda  validation  ara 
particularly  acuta  for  larga  oodaa  Involving  nuaaroua  >odulaa  and 
prograa  patha.  Ona  validation  aathod  la  to  conpara  raaulta  froa 
dlffarant  oodaa .  Tha  ooda  undar  taat  analytaa  standard  or  banchaark 
problaaa  whoaa  answars  ara  known  vary  accurataly.  Such  an  approach, 
whila  vary  uaaful,  nay  provlda  only  liaitad  validation  bacauaa  a  sanll 
or  spaoial  part  of  tha  coda  aay  ba  tastad  and  tha  solutions  aay  ba  of 
practical  usa  only  ovar  a  ll^tad  fraquancy  ranga.  Anothar  aathod, 
ocaaonly  uaad  for  oodaa  distributad  in  tha  CDI  coaBunlty,  is  to  rnalyta 
a  wida  varlaty  of  CBf  problaba  ovar  tiaa  which  oollaetlvaly  taat  all 
ooda  Bodulaa.  Such  analysis  coSBOniy  la  parforaad  dui'lng  coda 
davalopBsnt  but  also  can  ba  provided  as  faadbaok  by  tha  usar  ooawuiity 
to  tha  ooda  davalopar.  This  aathod  can  ba  uaad  rapaatadly  ovar  tha  Ufa 
cycla  of  tha  coda  and  providaa  "lassona  laamad*  data  as  wall  as 
validation.  As  naw  problaaa  ara  analysad  ovar  tlaa,  coda  aalntananca, 
Bodiflcation  and  anhancaaanta  ara  parforaad  and  validation  is 
accoaplisbad  by  coaparison  to  othar  siaulatlon  raaulta  or  aaaauraaants 
as  tha  coda  avolvas  and  aaturaa.  Unf ortunataly ,  diffarant  slaulations 
do  not  analyaa  a  problaa  idantically  avan  if  both  use  tha  sane  analysis 
taehnlguas,  laplaaant  tha  aaaa  algorithas  end  aodaling  schaaaa,  or  use 
tha  aaaa  coding  practlcaa.  Also,  it  is  usually  difficult  or  ia^sslbla 
to  ralata  tha  diffarancaa  obaarved  batwaan  tha  CGM  coda  output  and 
validation  data  to  apacific  liaitationa  within  tha  coda  quantitatively 
or  avan  qualitatively.  Hopefully,  trends  in  tha  results  will  ba 
consistent  and  tha  oollactiva  nuaarieal  data  raasonably  close  to 
Baasuresants  and  other  siaulatad  data, 

Tha  bast  CIX  code  validation  is  good  agraanant  batwaan  siaulatad 
raaulta  and  carefully  controlled  asasurad  data,  UnXortunataly,  tha 
diffarancaa  obsarvad  batwaan  siaulatlon  and  Bsasuraaant  era  difficult 
to  explain  and  ara  analogous  to  and  ara  as  difficult  to  quantify  as  the 
diffarancaa  batwaan  siaulatlon  and  siaulatlon.  A  furthar  coapllcation 
is  that  "good  agraoBant"  depends  on  tha  sophistication  of  both  tha 
Bodallng  and  algorlthns  iaplasantad  in  tha  coda  and  oxtarnal 
BaasuraBonts  parforaad  for  validation. 

Thesa  difficulties  in  intaxprstation  that  ara  ancountsrod  when 
coaparlng  siBulations  and  aaasuraBants  fora  a  coBBon  thread  running 
through  COI  validati.an.  In  this  paper,  a  novel  taut  ortlcla,  tha 
Tranaforaatala  Scale  Aircraft-Like  IMal  (TSAM) ,  is  dascrlbad.  Tha 
spaoial  configuration  of  tha  TSAM  is  dasignod  to  airror  tha  aodeling 
capabilltlaa  of  a  given  CBM  coda  exactly  and,  as  a  consoquancs,  appears 
to  bold  great  procisa  for  allowing  algorltha  and  aodeling  errors  within 
a  CBM  coda  to  ba  assaasod  qualitatively  and  quantitatively  using 
aaasuraBants  on  tha  TSAM  as  a  guide.  Both  errors  then  can  ba  adjusted 
as  nocassary  to  achlava  a  given  laval  of  coda  siaulatlon  accuracy.  Tha 
COI  coda  to  ba  used  initially  for  slBulation  is  tha  Ganoral 
Elactronagnatlc  Modal  for  tha  Analysis  of  Coaplax  Systaas  (GOfACS)  (i;| 
but  tha  TSAM  validation  aathodology  is  applicable  to  CEH  codas  in 
general ,  Tha  tsam  appears  to  open  tha  door  to  using  Baasuraaants  to 
validate  CEM  codas  in  a  Bora  inforaativa  and  useful  way. 
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r—  Talla»ttnB  «.»<i  fen*  WMt  Coaemt 

Nb«n  ttaa  raaults  of  alaulation  ara  eoi^arad  to  aaaauraaant ,  dlffarancas 
ara  alwaya  praaant  'ind  ultlaataly  placa  a  liait  on  tha  accuracy  to 
vhlch  OEM  oodaa  can  b»  validatad  by  aaaauraaanta.  Figure  i  shows  a 
coaparlson  batwaan  aaasurad  and  flnulatad  (GEIUCS)  radiation  patterns 
froa  an  aircraft  antanna.  Thara  is  ganaral  agrasaant  ovarall  but  there 
are  apparent  ditfarencaa  in  location  of  pattern  naxiaa  and  ainiaa  as 
wall  as  in  pattern  ahapa  and  power  levels.  These  differences  are  due 
principally  to  tha  following  factors:  linitations  within  tha  code  on 
•odaling  of  tha  gooaetry  and  physics  of  the  problen  (nodaling  error} ; 
limitatiotis  in  both  the  aquations  used  by  tha  coda  to  describe  the 
relevant  olactroaagnatic  phanosana  and  in  their  specific  iapleaantation 
wittin  tha  coda  (aigariths  >trrar) ;  liaitations  in  tha  conputational 
capabilities  of  tha  cosputer  platfotB  hosting  tha  code  (conputation 
error),  and  liaitations  in  atwsureaant  accuracy  (aaasurenent  error), 
'.ha  coabination  of  these  errors  (siaulation  error)  can  ba  astiaated 
cohering  the  results  froa  tha  code  against  aaasureBants  for  a 
raprasantat:va  sat  of  CZM  problaas.  The  individual  errors  typically  are 
not  Icnown  and  any  ba  autually  dependant.  In  this  paper,  it  will  be 
assunad  that  both  conputation  arror  (typically  conputar  round-off 
error)  and  aaasuraaant  arror  either  ara  icnown  or  are  sufficiently  small 
so  as  to  ba  uniapcrtant.  siaulation  arror  in  this  case  than  reduces  to 
aodsling  and  algcritha  arror. 

The  novelty  in  the  technique  is  to  aaka  aaasuraaents  on  a  scale 
alvcraft-lika  nodal  that  is  a  duplicate,  in  both  form  and  substance, 
of  the  aodal  davelopad  for  uaa  by  tha  coda.  Differences  batwaan 
aaasurad  t.id  alaula'tad  data  than  can  ba  attributed  only  to  algorithm 
arror  since  aaasurad  and  siaulaVad  aircraft  acxlals  coincide.  Proa 
knowladga  of  algoi'itha  arror  and  simulation  arror,  aodaling  error  can 
ba  aatlnatad  and  adj'wtad  if  necessary.  Oiffarencas  between  aeasureaent 
and  siaulatioi  now  point  to  specific  causes.  TSAM  will  be  composed  of 
raplaceoblo  parts  cboswn  to  coincids  with  ths  currant  modeling 
capabilities  cf  tha  coda.  As  tha  CEX  coda  evolves  and  matures,  the  TSAK 
parts  and  configuration  will  evolve  and  matura  to  match  the  simulation. 
Detail  will  ba  added  Incramantally  to  tha  TSAM  to  match  incremantal 
advances  in  coda  simulation  capability.  Haasuromants  will  ba  performed 
to  validate  coda  aodificution  at  every  atap. 

TSAM  initially  will  ba  aircraft-libs  in  tha  sanaa  that  canonic  shapes 
such  as  cylinders  and  flat  pletas  will  ba  configured  to  resombla  a  wide 
boiled  aircraft.  Tha  TSAM  fimansions  were  chosen  to  raprasant 
approximately  a  1/20  scaling  in  frequency.  All  maasuramants 
contaaplatad  to  data  will  ba  dona  in  an  anochoic  chamber  facility  at 
Roaa  Laboratory. 

TSAM  laltial  CoBflonratlOB 

Tha  first  TSAM  design  has  bean  chosen  to  conform  roughly  to  the  general 
shape  of  a  wide  bodied  airborne  platform.  This  initial  TSAM  test 
article  will  ba  a  mstalllc  structura  fabricated  from  highly  coiiductii^ 
matarials,  such  as  aluminum  and  copper,  ai'ul  composed  of  several  canonic 
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shapes  to  rsprasant  vings,  tusalaga,  stabilizers,  engine  nacelles  and 
engine  pylons.  Each  canonic  shape  can  be  nodaled  exactly  in  principle 
using  the  GO(ACS  code. 

The  design  and  disensions  of  the  TEAM  (1/20  scale  Dodel)  are  shown  in 
Figure  2.  This  initial  configuration  incorporates  a  hollow  elliptical 
cylinder  capped  at  both  ends  as  a  fuselage,  two  thin  flat  plates  as 
wings,  three  thin  plates  as  the  horizons!  and  vertical  stabilizers, 
four  uncapped  circular  oylindars  as  engine  nacelles  and  four  thin 
plates  tor  pylons.  The  elliptical  cylinder  is  capped  in  front  to  fora 
a  blunt  Bodel  for  the  nose  section  and  is  capped  in  the  rear  to  farm 
a  tapered  tail  section.  .All  coaponents  are  hinged  and  individually 
rancvable.  nie  geosetry  of  each  coaponant  can  be  modeled  exactly  in 
principle  by  GEKACS  and  the  coaplete  metallic  structure  is  assumed 
perfectly  conducting.  Since  the  wings  of  a  wide  bodied  aircraft  flex 
considerably  in  flight,  both  thin  plates  serving  as  wings  will  be 
hinged  in  order  to  vary  the  wing  cant.  Fuselage  rigidity  is  maintained 
^  an  I-beam  positioned  inside  the  hollow  elliptical  cylinder  as  shown 
in  Figure  3 .  This  I-beaa  also  nerves  to  position  and  support  a  scale 
nodal  antenna  on  the  TSAM.  The  complete  TSAM  test  article  is  shown  in 
Figure  4. 

tUK  JuiiM  U9iUUn 

The  TSAM  will  be  excited  by  one  or  aore  antennas  aounted  directly  on 
the  structure.  Initially,  antennas  will  be  either  thin  wires  or  cones 
that  servo  as  aonopoles,  the  cone  antennas  providing  a  w.ider  bandwidth. 
The  antenna  to  be  excited  will  be  connected  to  a  50  ohm  cable  threaded 
through  the  antenna  mounting  structure  to  the  antenna  under  test. 
Pattern  measurements  will  be  done  for  all  antennas,  both  in  the  absence 
and  presence  of  the  test  article,  in  an  anechoic  chamber  using  standeurd 
measurement  techniques.  It  is  anticipated  that  coupling  measuresents 
between  pairs  of  antennas  on  TSAM  also  will  be  performed  xising  a 
network  analyser  which  will  sweep  over  the  relevant  range  of 
frequencies. 

The  ability  of  GEMACS  to  analyze  large,  system  level  electromagnetic 
problems  and  the  presence  within  GBtACS  of  a  variety  of  analysis 
techniques  and  solution  algorithms  sake  it  a  logical  first  choice  for 
use  with  the  TSAH.  GOIACS  was  developed  to  analyze  system-level 
electromagnetic  interactions  between  sources  and  general  material 
bodies  having  a  complex  geometry.  The  analysis  is  performed  in  the 
frequency  domain  using  modem  numerical  tetiuiiques  such  as  the  method 
of  moments  (MOM) ,  uniform  theory  of  diffraction  (CTD) ,  and  finite 
differences  (FQ)  either  individually  or  in  hybrid  combination.  The 
various  regions  of  external  problems  are  treated  xising  an  appropriate 
combination  of  MOM  and  GTD  techniques  while  internal  problems  are 
treated  using  finite  differences.  Coupling  between  exterior  and 
interior  regions  is  achieved  by  matching  exterior  and  interior 
solutions  at  apertures  using  appropriate  bQund^u:y  conditions. 


355 


k  nuobar  oZ  solution  tschnlqiiss  sxlst  within  CQIACS  to  sfficisntly 
solvs  for  the  unknowns  in  the  problesi  under  study.  Matrix  techniques 
include  a  full-satrix  lower-upper  deconposltion  (LOD)  alqoritha,  a 
banded-eatrix  iteration  (BNI)  alqorithe  and  algorithns  for  handling 
rotational  or  planar  sysmetry.  k  aodel  order  reduction  (MOR)  algorithn 
for  reducing  aatrix  size  is  also  Is  available  whenever  FD  is  used. 
Electronagnetic  sources  Include  incident  fields,  excitations  on  antenna 
structure,  and  specific  antenna  and  radiator  patterns.  GEKkCS  output 
that  is  particularly  useful  includes  radiation  patterns  froB  sources 
on  the  structure  that  include  the  distortions  of  the  structure. 

ew.^  ..a  suture  Dlrectioas 

k  novel  and  proaising  validation  sathodology  has  been  described  in 
which  Beasureaents  on  a  specialized  test  article,  the  TSkH,  are  used 
to  detezBlne  the  quality  of  the  Bodellng  and  analysis  techniques 
residing  in  advanced  CEM  siBUlatlon  prograas.  The  use  of  the  TSkM  makes 
it  possible  to  distinguish  CEH.  modeling  error  from  algoritha  error. 
Deficiencies  in  CEM  simulations  are  identified  acre  specifically  and 
aaasureaents  are  better  understood  and  thus  becone  more  useful  and 
helpful  as  a  validation  tool.  The  configuration  chosen  for  the  TSkM 
Bust  airror  the  simulation  capabilities  of  the  CEM  code  being  studied. 
Initially,  the  TSkM  configuration  will  be  chosen  to  match  the 
capabilities  of  CEMkCS  which  approximates  systea-lavel  complex 
geoBstries  with  a  set  of  canonic  shapes  (wires,  cylinders  and  flat 
plates) . 

Because  aircraft  wings  are  a  aajor  source  of  multipath  and  the  CEMACS 
fuselage  aodel  is  rather  crude,  the  evolution  of  canonic  models  for  the 
TSkM  will  focus  initially  on  thea.  The  next  TSkM  wing  design  will  aost 
likely  have  a  triangular  cross  section  followed  by  a  similar  wing  with 
a  rounded  leading  edge  and  caaber.  Finally  a  scale  aodel  of  an  actual 
wing  design  will  bo  used.  The  rear  stabilizers  will  undergo  a  similar 
evolution.  The  current  GBIkCS  fuselage  is  either  a  blunt  truncated 
capped  cylinder  or  is  constiucted  froa  a  series  of  connected  plates 
tapered  at  different  angles  .:o  fora  a  nose.  Both  models  will  evolve 
towards  an  actual  fuselage  in  several  steps  where  geometry  becomes 
progressively  smoother  and  aora  realistic.  Sources,  it  is  hoped,  can 
evolve  to  small  flush  mounted  elaaents  or  arrays.  Finally,  it  is 
planned  that  the  TSkM  will  contain  nonaetallic  aster ials. 
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ABSTRACT 

An  infrared  (IB)  imaging  technique  has  been  developed  to  map  two- 
dimensional  electric  field  distributions  near  an  emitter  or  a  scattering  body. 
This  technique  is  applied  to  verify  the  time  domain  results  of  the  TSAR  code 
for  the  problem  of  scattering  from  and  couplirig  into  a  D;linder.  The  cylinder 
has  a  circular  cross-section  and  contains  a  long  thin  rectangular  slot  aperture 
centered  in  its  side  and  oriented  in  the  axial  direction.  The  cylinder  is 
irradiatad  with  a  pulse  normally  incident  on  the  cylinder.  The  polarization  of 
the  incident  pulse  is  perpendicular  to  the  axis  of  the  cylinder.  A  Fast  Fourier 
Transform  (FFT)  of  the  pulse  data  is  used  to  predict  the  frequency  domain 
(C'kV)  effects  at  various  resonant  frequencies  associated  with  the  lengths  of 
the  cylinder  and  the  slot. 

Experimentally  measured  IR  thermograms  (field  images)  are  compared  with 
the  theoretically  predicted  CW  results  in  the  interior  of  the  cylinder  in  a  plane 
centered  on  the  aperture.  The  field  near  the  aperture  slot  is  of  special 
interest  and  is  also  mapped  with  the  IR  imaging  technique. 

This  example  illustrates  the  use  of  the  IR  technique  to  correlate  theoretical 
data  with  experimental  observations  and  to  experimentally  validate  numerical 
codes  which  predict  electric  field  distributions  inside  complicated  objects. 
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1. 


Introduction 


A  non-dostruetiva,  minimally  perturbing  infrared  (IR)  measurement  technique  [1-6] 
has  been  developed  to  observe  electric  fields.  This  measurement  technique  produces  a 
two-dimensional  IR  thermogram  (image)  of  the  electric  field  being  measured,  i.e.  a  two- 
dimensional  isothermal  contour  map  or  a  gray  scale  of  the  Intensity  of  the  electric  field. 

This  IR  imaging  technique  is  applied  to  determine  the  modal  distributions  of  the 
electric  fields  induced  inside  a  cylindrical  cavity  when  excited  through  a  thin  slot  aperture. 
The  mods  structure  was  measured  in  the  cross  sectional  plane  at  the  center  of  the  slot. 

Numerical  computations  of  the  fields  coupled  into  the  cylirtder  also  were  determined 
using  the  Temporal  Scattering  And  Response  (TSAR)  code  from  Lawrence  Livermore 
National  Laboratory  (LLNL).  The  mode  structure  was  determined  In  the  same  cross- 
sectional  plane  at  the  center  of  the  slot. 

Comparisons  between  the  theoretical  predictions  and  the  measured  IR  results  are 
made  to  verify  the  accuracy  of  the  experimental  technique  and  the  numerical  code. 

The  experimental  setup  for  the  IR  imaging  of  the  cavity  modes  and  the  numerical 
aspects  of  the  TSAR  modei  of  the  cylinder  are  discussed  next. 

2.  IR  Measurement  Technique 

The  IR  measurement  involves  the  obsenration  of  microwave  energy  deposited  in  an 
electrically  lossy  detection  screen  placed  in  the  plane  over  which  the  electric  field  is  to  be 
measured.  Joule  heating  of  the  de'ector  material  results  in  IR  emissions  which  can  be 
detected  by  an  IR  imaging  system.  1'he  detection  screen  material  is  calibrated  such  that 
a  given  temperature  rise  (above  the  ambient  temperature  of  the  material)  corresponds  to 
a  particular  electric  field  intensity  level. 

2.1.  IR  Experimental  Setup 

A  thin,  planar  sheet  of  lossy  carbon  loaded  paper  is  used  to  map  electric  fields. 
The  rarbort  sheet  is  placed  in  the  plane  over  which  the  electric  field  is  to  be  measured. 
The  absorbed  heat  energy  is  converted  into  conducted  and  convected  heat  energy  and  into 
re-radiated  EM  energy.  The  radiated  EM  energy  is  concentrated  in  the  IR  band.  This 
'hiacK  body*  energy  is  detected  with  an  IR  (Scanning)  Array  or  with  an  IR  (Starring)  Focal 
Plane  Array  (FPA).  The  camera  can  detect  temperature  differences  of  approximately  0.009 
'K,  and  has  a  relative  accuracy  of  plus  or  minus  10%  when  detecting  electric  fields. 

2.2.  IR  Thermograms  (Images) 

The  measured  two-dimensicnal  temperature  distribution  is  digitized  and  stored  in  the 
memory  of  the  IR  camera.  The  electric  field  can  be  visualized  by  presenting  the  two- 
dimensional  temperature  profile  as  a  false  color  image,  w^ore  cool  colors  (for  example 
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thad«8  of  blue)  r 'present  week  areas  of  EM  ensrgy  and  hot  colors  (for  example  shades 
of  red)  represent  strong  areas  of  EM  energy.  The  resulting  two-dimensional  false  color 
image  is  called  an  IR  thermogram,  la.  an  Iso-temperature  contour  map,  and  is  a 
representation  of  the  electric  field  distribution  passing  through  the  screen  material 

Therefore,  It  is  possible  to  correlate  local  surface  temperature  variations  to  electric 
field  intensities.  The  stored  IR  thermogram  data  represents  the  temperature  distribution 
over  the  extent  of  the  detector  screen  and  iS  a  map  of  the  intensity  of  the  electric  field 
distribution  absorbed  in  the  screen. 

3.  Cylindrical  Experiment 

As  an  example  of  the  IR  measurement  of  electric  fields,  a  right  circular  cylinder, 
containing  a  long,  thin  slot  aporture  in  Hs  side,  was  irradiated  with  microwave  energy  from 
a  horn  antenna.  The  experimental  setup  is  shown  in  figure  1. 

The  experimental  cylinder  was  one  meter  in  length  and  had  an  inner  diameter  of 
approximately  10  centimeters.  The  rectangular  slot  aperture  was  0.64  millimeters  in  width 
and  was  10  centimeters  in  length.  The  slot  was  located  in  the  middle  of  the  cylinder  and 
was  oriented  parallel  to  the  axis  of  the  cylinder.  The  cylinder  was  irradiated  with  microwave 
energy  at  2  GHz  (15  centimeter  wavelength)  from  a  pyramidal  horn  antenna,  polarized  in 
the  cfreumferentlal  direction  of  the  cylinder.  Cylindrical  TE  modes  were  predominantly 
excited  by  the  wave  polarization  inside  the  cavity. 

The  arrangement  of  the  IR  camera  and  the  detector  screen  for  images  of  the  slot 
aperture  coupling  into  the  cylindrical  waveguide  cavity  is  also  shown  is  figure  1.  To 
measure  the  interior  cylindrical  waveguide  cavity  modes,  the  IR  camera  was  positioned  on 
the  axis  of  the  cylinder  and  looked  through  a  wire  mesh  screen  which  simulated  a 
microwave  shield. 

4.  Theory/Experiment 

Measurements  on  a  finite  length  cylinder  and  theoretical  predictions  for  the  cross- 
sectional  electric  field  modes  are  now  presented  and  correlated. 

4.1  Measurements  (IR  Thermograms) 

A  small  circular  disk  of  carbon  paper  was  positioned  in  the  radial  plane  that 
intersected  the  middle  of  the  slot  aperture. 

IR  thermograms  were  made  of  the  cylindrical  modes  excited  inside  the  cavity  in  this  plane. 
The  brightness  of  each  color  in  the  image  corresponds  to  the  intensity  of  the  EM  field. 

Thermograms  of  the  induced  modes  coupled  into  the  cylindrical  waveguide  cavity 
are  shown  in  figure  2.  The  long,  thin,  horizontal  slot  aperture  is  centered  on  the  left-hand 
side  of  the  IR  thermograms.  Note  the  reflection  in  the  waveguide  walls.  Figure  2e  is  an 
image  of  the  electrical  field  coupled  through  the  aperture  tor  a  frequency  10%  below  the 
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cutoff  frequancy  of  th«  cylindrical  wavoguido  and  shows  ths  sxcitation  of  an  svansscent 
mods.  Ths  EM  anorgy  coupled  through  the  aperture  is  visible  in  this  thermogram  and,  as 
predicted  by  Bathe  Hole  coupling  models,  has  the  radiation  pattern  of  an  electric  dipole. 
The  dominant  TE„  waveguide  modal  pattern  is  partially  developed  in  the  center  of  the 
waveguide.  Figure  2b  Is  an  image  of  the  electrical  field  coupled  through  the  aperture  for 
a  frequency  10%  above  the  cutoff  frequency  of  the  cylindrical  waveguide  and  shows  ths 
excitation  of  the  dominant  TE„  cylindrical  waveguide  mods. 

Figure  J  is  an  Image  of  the  electrical  field  coupled  through  the  aperture  at  a 
frequency  of  2  QHz  and  shows  the  sxcitation  of  the  dominant  TE„  cylindrical  waveguide 
mode.  The  dominant  TE,,  waveguide  modal  pattern  is  now  fully  developed  in  the  center 
of  the  waveguide. 

The  modal  patterns  of  the  induced  cylindrical  cavity  modes  are  dearly  indicated  in 
these  figures. 

4.2  Theory  (TSAR  Code) 

The  numerical  computations  on  the  cylinder  were  performed  using  the  TSAR  code 
from  LLNL.  This  code  utilizes  the  Finite  Difference  Tima  Domain  (FDTO)  method  to 
calculate  the  electric  and  magnetic  fields  from  the  Maxwell  curl  equations[7,8]. 

First,  the  object  was  modeled  using  the  MQED  package  from  the  BRL-CAD 
package.  Then,  an  FDTO  mesh  was  made  using  the  Ana  package,  on  which  the  TSAR 
code  was  run.  Due  to  the  physically  small  width  of  ths  axial  slot,  the  hybrid  thin  slot 
algorithm  (HTSA)  in  ths  TSAR  code  was  used  to  couple  the  inddent  field  into  the 
cylinder[8]. 

The  object  was  excited  by  a  time  domain  gaussian  function  with  a  sinusoidal 
modulation  of  2  GHz.  This  modulation  was  chosen  since  it  was  very  dose  to  the  resonant 
frequency  of  the  slot.  The  gaussian  envelops  was  seventy  time  steps  wide  with  its  peak 
at  40  time  steps.  Second  order  Mur  boundary  conditions  located  eight  ‘pad*  cells  from  the 
cylinder  endosed  the  computational  problem  space.  The  code  was  run  for  a  total  of  2048 
time  steps  to  allow  the  exdtation  of  the  experimentally  determined  TE,,  mode. 

The  mode  structure  was  determined  by  arranging  a  series  of  point  sensors  across 
ths  transverse  axes  (y  and  z  axes  in  the  TSAR  code)  of  the  cylinder  at  the  center  of  the 
slot.  The  total  time  domain  electric  field  was  calculated  and  a  FFT  was  performed  at  each 
point.  By  plotting  the  resonant  field  values  as  a  function  of  positior,,  the  familiar  plot  for  this 
mode  was  produced  and  verified  (figure  4). 

5.  Results 

Comparisons  between  the  theoretical  predictions  in  Figure  4  and  the  measured  IR 
thenrograms  in  Figure  3  show  that  good  correlations  exist  between  theory  and  experiment. 
Each  pair  of  figures  show  the  theoretical  contour  plot  and  the  experimental  gray  scale  plot 


363 


at  tha  (raqueney  corrasponding  to  the  alectrically  equivalent  theoretical  result. 

6.  Conelualon 

Tha  IR  measurement  technique  is  a  viable  method  to  aid  in  the  determination  of  EM 
energy  coupled  Into  complex  cavity  structures.  This  method  is  of  particular  importance  in 
the  study  of  coupling  into  complicated  geometrical  shapes,  whose  patterns  of  elearic  Held 
modal  distributions  may  not  be  found  easily  using  theoretical  methods. 

Tha  IR  method  allows  for  rapid  observation  of  EM  field  activity  and  interference, 
resulting  In  an  in-depth  understanding  of  the  EM  scattering  and  coupling  phenomena. 
Qualitative  and  quantitative  comparisons  can  be  made  between  the  iields  measured  using 
the  thermal  radiation  experimental  approach  and  the  fields  predicted  using  a 
theoretical^umarical  approach.  Experimental  and  theoretical  data,  therefore,  can  be^asily 
correlated  with  this  technique. 


Top  Vl«w 


Rg.  1.  •  ExfMrimantMl  Arrangement  of  IR  Camera  and  Detector  Screen 
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VALIDATION  OF  A  DIFFRACTION  PROGRAM 

PRRuter 

Microwave  and  Antenna  Sytieru,  Malvern.  UK 


INTRODUCTION 

The  problan  of  vtlidatian  and  tncuncy  of  a  difftactian  ptoftam  ia  addietsed.  The  program  (ALDAS) 
dealt  with  the  radiatian  paitema  of  low  dimclivity  antennas  on  conducting  stnictures  such  as  aircraft, 
ships,  spacecraft,  ma«s  for  oellutar  radio.  The  program  is  based  on  the  division  of  a  conducting  structure 
into  dementary  canonical  shapes  such  as  ptttes.  elliptica]  cylinders,  cones  and  ellipsoids  [I]  Validation 
requires  careftil  latetsmem  of  the  program  output  against  radiation  psaems  generated  by  other  means 
which  have  included:- 

•  iDOeaurad  patterns 

•  panemsgeiwialad  by  other  computer  techniques -mainly  Method  of  Moments 

•  panema  generated  by  analytical  techniquea. 

Valididcm  provides  a  cheek  on  groae  errors  in  the  algohthma  and  allows  an  estimaie  of  the  errors  in  the 
ridialiaa  paOetiia  Various  techniques  have  been  investigated  for  assessing  the  accuracy  and  the  two 
mostuieful  techniques  have  been  found  to  be> 

•  RMS  etraca  basei  on  point  by  point  differences.  These  ere  obtained  by  taking  the 
differenoe  in  gain  level  between  this  ALDAS  computed  results  and  the  comp^son  r^ts 
at  exactly  the  euae  angle  end  dtenccmpuling  the  RMS  error  in  various  gain  bins  (those  of 
the  ALOAS  reailts). 

•  Peroentage  oovatw  jdais.  The  pwoatrun,  P,  of  tha  total  number  of  angles  which  have 
pie  graucr  than  G(dBi}  it  comptiHd  and  P%  plotted  u  a  ftmetion  of  G. 

The  •ocuriey  if  dependent  on  the  sia  of  the  structure  eiemems  in  tatmi  of  waveluigdu  since  difRaction 
theory,  beieg  based  on  lay  tradiig,  iileMaecwttewheniheelenemdimemionsanlettthantwowBve- 
lengdis.  The  accuracy  is  also  dependent  cn  the  complexity  of  the  structure. 

The  validttion  exerdie  wei  approeched  by  considerinf  the  soucbiies  in  increuing  order  of  complexity 

ax 

1)  Single  isolated  elements 

2)  Simple  smicaires  oonsitiing  of  three  or  four  sttumue  demtnu 

3)  Comdex  muetures  such  u  aircraft 
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SINGLE  ISOLATED  ELEMENTS 

Iiolited  elernenu,  such  «s  flit  plites,  circular  piitu,  cylinden  and  ellipsoids  have  been  considered 

riaSes 

Many  raeajured  radiation  pasema  of  a  monopole  (See  Figure  1  for  an  asumple)  on  a  conducting  ground 
plane  [2]  or  of  a  dipole  over  a  ground  plane  P]  have  bean  used  in  the  progtam  validation.  Addibonal 
camparison  matarial  has  baan  generatad  using  NEC-3  (4],  an  example  of  which  is  shown  in  Figure  2 
Convergence  Hsa  on  the  MoM  input  data  was  carried  out  using  increasing  numbera  of  legmenti.  These 
are  panicularly  requited  around  the  base  of  die  monopole  and  atand  the  edge  of  the  conducting  plate 
whm  tha  cutraats  are  changing  vary  tiu  [S],  The  slight  thfremneea  between  the  NECO  and  ALDAS 
reiulta  can  be  attributed  to  ignoring  a  second  order  double  diffiaciion  in  ALDAS  (ray  path  from  the 
monopole,  diffracted  off  one  edge  and  then  diffracted  off  the  oppoaite  edge).  As  the  dimensoni  of  the 
plate  are  increased,  the  agreement  improves  (compart  Figure  I  and  Figure  2  and  see  Table  I ) 


Ihble  1:  Antenaui  above  a  coiMhiedng  ptale:  RMS  Error  (dB) 


Cain  Range  (dBi) 

MONOPOLE 

DIPOLE 

it 

7  1 

^  s 
^  s 

ll 

if 

4.74  Xsq 
(measored) 

Jt 

9 

2  ^ 

^  s 

>0.0 

0.67 

1.37 

X20‘ 

0.71 

0.83^ 

1.22^ 

-10,0  <0  <0.0 

1.84 

3.40 

5.50 

1.98 

2.61 

1.63 

-20.0<G<-:0.0 

0.67 

5.08 

7.92 

2J9 

4.96 

3.99 

1 .  Thi  MoM  rmitu  bad  act  coevciaed.  Mote  tcaaMait  tbotild  have  bees  med 

2.  laE-piaBeofdipele 

3.  laH-ptaaecfdtpsle 


Cyliaders 

A  aimiler  exerciae  bu  been  earned  out  fbr  monopoles  end  dipoles  over  cylinders  of  drcular  crou-sec- 
rioo.  Few  examples  are  available  where  the  cylittder  has  a  ratlius  greater  than  1  or  2  wavelengths  Some 
examples  are  tabulated  in  Table  2  for  a  cylinder  of  radius  I  wavelength.  Cylinders  require  that  geodesics 
are  found  for  the  rays  diffracted  round  the  surface  but,  since  a  cylinder  is  a  ‘developable'  surface,  this  is 
a  straight-forward  exerdse.  However,  the  ray  tracing  is  more  diffictilt  than  for  a  flat  plate. 
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IUMk  Z:  Anil  I—  abort  a  cyUndcr  (Radius  1  X);  RMS  Error  (dB) 


Gain  Range  (dBi) 

MONOPOLE 

DIPOLE 

Modal  MatchinglSl 

Method  of 
Moments[4] 

Modal  Matching  [3] 

G>0.0 

0J6 

0.71 

0.43 

-10.0  <G<  0.0 

1.12 

1.98 

0.49 

-20.0<G<-I0.0 

U7 

2.39 

1.55 

Sytarti  aad  EWpsaMs 

Spiicres  and  cUipuids  an  doubly  curved  sttfacts  and  require  that  the  gecxiesics  are  found  for  each  ray 
diffiraeted  round  the  auitaea  [7],  Hie  pioblam  it  more  diflicult  than  that  of  an  antenna  over  a  cylinder. 
Radtanon  putumt  of  a  manoixile  mounted  on  qiheia  of  difitnm  radii  have  been  published  in  Russian 
[S]  and  the  Method  of  Moments  has  been  used  to  model  a  monopole  and  a  dipole  over  an  ellipsoid.  The 
re^ts  provided  by  Byelkina  and  Weinstein  (usng  an  analytical  method)  have  radii  varying  iiom  0  477 
to  IS.9  As  the  radius  increases  to  does  die  agnoncnl  between  ALDAS  and  these  results.  Figure  3 
shows  the  radiation  patstna  for  a  monopole  on  a  sphere  of  tadiut  I.S9IS  Xfor  ALDAS  and  Byelluna 
and  Fivne  4  thows  the  retultt  for  s  sphere  of  radius  15.9  X.  Measured  crott-polaiiaation  resuitt  of  a 
monopole  on  an  dlipeoid  St  8  (Biz  also  agreed  well  with  computed  results  [9].  Table  3  shows  the  increase 
in  agreemcm  as  the  dimensions  increase  in  wavdcngdis. 


Thfele  3:  AaMtnan  above  tpheiee  and  cUpeoMs^  RMS  Error  (dB) 


(sain  Range  (dBi) 

Monopole 

Dipole 

«n  Oh 

5o 
R 
®  d 

1m 
e  p 

11 

Sphere  rad 
0.477  X 

1m 

|i 

Vi 

?.< 

li 

V) 

Sphere  rad 
1.59  X 

Sphere  rad 
2.39  X. 

Sphere  rad 
15.9X 

0.54,0.3. 
0.3.0.54  X 

c>ao 

1.70 

2.16 

1.7 

2.02 

1J2 

0.81 

0.12 

0.05 

0.81 

-10.0<G<0.0 

3J1 

2J1 

2.00 

2.75 

1.37 

1.47 

0.87 

0.35 

1.62 

-20.0<G<-I0.0 

3.70 

4.30 

4.20 

1.85 

0.33 

0.98 

0.36 

1.07 

4.63 

Reference 

MoM 

MoM 

[«1 

MoM 

(«J 

[8] 

181 

[81 

MoM 

1 .  EUipMUi  we  qwcTflgtl  bjr  (our  Nni-aea.  ■t-X.  Y.  Z,  'X 
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STRUCTURES 
Siaiple  Straenm 

The  leailts  for  nmple  tftuciurei,  nieh  as  boxes  or  a  cylinder  with  altached  plates,  will  be  less  thin  accu¬ 
rate  than  isdeled  single  elemots.  Tbere  ate  few  luch  examples  awilable  in  the  litaiatiire  to  use  as 
cheeks.  The  geneial  trend  is  that  the  RMS  emr  is  about  1 .3  times  that  for  a  single  isolated  element. 

CompHa  Straetarcs 

SIfocnaes  are  'complex’  when  they  oonsist  of  many  miciiirat  dements.  Examples  are  civil  and  military 
airctaft,  aUpt,  spnoe-craft,  ground  vehieies  and  so  on.  Extouive  data  it  available  for  several  airenft  at 
frequencies  ranging  from  300  MHx  to  10  OHz  in  svhieh  the  motid  may  contain  up  to  70  stniciutal  de¬ 
ments.  Details  of  some  oramplas  are  given  in  Table  4.  The  accuracy  is  influenced  by  the  choice  of  the 
structtird  dements  which  are  used  to  make  up  the  anictutc.  If  the  geomeuy  is  varieu  and  the  range  of 
radiation  patterns  obtained  is  examined,  the  most  obvious  features  are 

1)  the  mean  gdnievd  does  txx  vary  very  much  (4f- 0.3  dB) 

2)  the  poddontofthe  nulls  does  vary  by  several  degrees. 

Since  the  RMS  errors  are  based  on  difTerenoes  betwten  the  gain  levds  at  the  same  angje,  any  skewing 
of  the  null  positions  will  make  the  numeriedty  dcsived  enors  appear  much  worse  than  they  seem  to  the 
eye.  An  dtemative  preicntatian  is  the  'Pocentage  Coverage  Plot'.  An  example  is  shown  in  Figure  3  for 
the  results  of  a  monopolc  on  a  BCKING  747.  The  conesponding  lathalion  pattenu  ate  shown  in  Figure 
6  and  Figure  7.  For  the  systems  engineer,  the  Percemage  Covesage  Plot  is  more  ipproptiate  because  it 
gives  a  measure  of  the  syisem  performaace.  Such  plots  have  an  accuracy  of  +!•  0.3  dB  down  u>  -20.0  dBi 
even  on  the  most  complex  stiuclutes 


Ihble  4:  Antcaaaa  on  cooplex  strtachnes:  RMS  Emr  (dB) 


Frequency 

(Gbx) 

Gain  Range  (dBi) 

Straenre 

G>0.0 

-I0.0<C<0.0 

-20.0<G<-10.0 

kX-l  SSmtonopole  over  wings  [10] 

1.4 

2.13 

5.17 

'5.62 

KC-133uiianopole  fwd  of  wings 
[10] 

14 

1.43 

8.2C 

8.76 

BOEING  747:  monopolc  on  fuse- 
Uge:(4>v  0.0,90.0  degs)  [11] 

1.0 

2.08 

3.77 

7.63 

BOEING  747:  monopolc  on  fuse- 
lsge:(O>M-120degs)[ll) 

1.0 

2.56 

4.70 

8.76 

HcUcopicr  Spirals  on  nose 
(e=60-120degs)(l2] 

2.0 -8.0 

0.25 

0.50 

• 
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CONCLUSIONS 

The  ndiiiioii  ptttsnu  praMnwd  in  the  pravtous  techont  have  ihown  Uiu  ample  canonical  nrucoires  ate 
well  modelled  but  that  complex  muctum  ate  not  so  accurate.  This  is  due  to  the  difficulty  of  describing 
a  complex  aniciiire  such  as  an  aircraft  in  tarms  of  the  eaocnical  shapes  allowed  in  ALDAS.  The  usump- 
doo  hu  been  made  in  thit  document  that  all  enon  an  due  to  ALDAS  since  it  is  not  possible  to 
diaantaaj$e  the  various  emr  sources.  However,  it  is  dear  that  the  etron  in  ALDAS  will  be  less  than 
those  quond. 

1)  For  tingle  dements,  the  aeeuraey  improves  u  the  size  of  the  elemem  in  wavdengths  increases 
above  2  or  3  L.  This  it  not  aeprising  sinoa  diffiaeiion  thaoiy  tbeoreiiGally  breaks  down  for  dimen- 
akns  lest  than  1  X.  Much  ofthitcoatpariton  walk  was  canted  out  using  MoM  or  other  analytical 
taefaaiqttcs  which  an  likdy  to  be  more  accurate  than  meanientefils.  Convergence  tesu  on  MOM 

modds  are  eaaantial. 

2)  When  complex  stmeturet  are  studied,  measurements  must  be  relied  upon  and  often  no  details  of 
the  meesuremern  techniques  are  given.  Persond  experience  has  shown  diit  measuring  a  low  gain 
aatanaa  on  a  sinictura  inquiiet  a  ehsnber  which  has  a  icflecbvity  of  len  than  -40  0  dB  and  a 
mcRHttini^ratMionaytlemwfaiGh  does  not  introduce  apurious  reflections.  A  reflectivity  of -4S.0dB 
trsndaiBS  into  a  gain  etrord'I.OdBet  again  levd  ()f-20.0dBi  when  the  pedc  gain  is  S.OdBi 

3)  When  a  complex  imicture  such  u  an  airetaft  ia  moddlad  using  ALDAS,  various  other  sources  of 
emr  come  in. 

•  the  stmeiun  of  ibe  eitenift  will  not  be  loldly  conducting.  There  will  be  tnuuperent 
sections  such  as  cockpits,  mdamet  et  ccisn 

<  so  aciud  aircraft  is  aMeccuratdymoddledutiiv  flat  plates  end  the  simple  curved  shapes 
provided  by  ALDAS  for  the  ftisdage 

'  Ibemaisurementsanlikdy  tobeincmriheniidves 

•  larnoGuiatcmoddling,itispaBablethatlhemea«iiedredietianptttemoftheentennain 
free  space  should  bn  used  mher  then  generic  paBetni.  These  are  not  genmlly  t'.-iileble 

4)  ThcuatortiitparcenmgBoeverigepiMdacemamusefliluitgivesiniccunteiadicaticnofthe 
gain  ooverige  which  it  Uftflil  ftr  system  pvpoiet.  The  accuiacy  of  ALDAS  appeals  much  besier 
bneauae  the  null  roaiioa  eflects  art  ramo^. 

Table  5  sunmaiisea  the  RMS  anort  on  a  point  1^  point  bnsia.  The  perceniage  coverage  plots  indicate  in 
eoGureiO'ofbeaerthin-W-  LOdBdawntoagiinlevdof-ZO.OdBi. 
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IkMc  5  GfOMl  Level  of  Accoracy  In  ALDAS:  RMS  Error  (dB) 


Cain  Ranje  (dBi) 

Single  Etemeni 

Simple 

StnictuR 

Aiictafi 

<22. 

»2X 

G>0.G 

0.7 

0.4 

1.0 

2.0 

-io.o<a<o.o 

1.4 

0.8 

2.0 

S.O 

-20.0<G<-10.0 

2.5 

1.2 

4.0 
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12  Rcinttiofmeneanmeni  on  scale  model 


niaic  1  htm  af  a  ■wiapalt  oa  the 
appcr  dd*  af  a  drtalar  caadactiat  piaia  of 
diraaur  7  X.  Mcaiartd  remtn  fraai  Fiaiar 
aad  MUer  |2|.  Gate  have  aat  baca  altered. 


Fifarc  2  Pattarai  af  Oiaaapalc  aMasltd  aa 
a  »qaarc  caadartiaf  plaaa  rfiMa  I X.  >.0  dB 
camipaadi  la  3.11  ^ 


Fisarc  4  Radiatien  patten  ar  a  meoapale  aa  a 
iphcrc  radios  1S31S  X  caaipared  with  [8|. 


FlgareS  Pcrecata(c  Mvcrafc  plat  r«m<6- 
aliM  pattcnu  af  a  Baaopala  oa  die  upper 
faelat*  of  •  BOEING  747  (11). 


ft  a  «r.  Oils  pi«t  Mil' iai.il  i«  a.M  at 


Fi|ura  4  Badmliia  paoen  far  tba  caafifa* 
radoa  af  ngura  S  (Pkch  Plaae) 


PigB'*  7  Radiadoa  patten  far  the  caaflfura- 
ttaa  ornguK  5  (Rail  plaae) 
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NEC  Modelini  ind  Vsiiing  of  an 
Ulm-Wideband  Anienni  for  Hi|h-Power  Operation 


Eif.  Lenhng.  Dr.  B.S.  tolman,  R.  Paaicie.  US  Army  Reicarch  Laboniury, 
BPSO  Ft  Monmouth,  N J. 

Dr.  CD.  Hechnnan.  H.F.  Lenzint, 

SRveai  Intlituie  of  Technology,  Hoboktn,  NJ. 


In  an  antenna  design  propoaed  for  high  power,  wideband  operation  ,  a  upeied  TEM  'horn'  ii 
teminaied  with  a  oomcal  ipind  anwnna  ao  that  the  mall  tearuie  size  asiociated  vnm  the  high  Fnonency 
operation  ii  replaced  by  a  structure  capable  of  handling  higher  power,  while  tnainialning  minimal 
leQectionr  thus  producUig  a  hybrid  antenna  structure  capable  of  supporting  high  power  over  a  wide 
frequency  specif .  The  anmnna  can  be  driven  with  a  high  speed  fw  controlled  solid-iiaie  switch 
or  other  high  frequency  generator. 

This  paper  dlactMies  the  design  foanties  und  the  modelltm  and  testing  of  this  prototype  conical 
spiral/TEM  horn  hybrid  antenna,  issues  concerning  the  NBC  wire  modeling  of  surnces  and 
problems  arising  from  it  will  be  discussed. 

Introduction 

The  category  of  aniesuias  geneielly  lefoned  to  as  "wideband  anisnnu"  consisu  of  planar  and 
conical  spirals  [1],  log-peiiodic  airays  [2],  Vivaldi  tspen  [3],  bowtie  honu,  etc.  There  have  been 
recent  attempts  to  camnuie  two  wideband  antenna  types  in  order  to  realize  ultra-wideband  operation 
[4,S1.  in  the  antenna  presented  herein,  a  bowtie-ham  antenna  is  teminaied  with  a  conical  spiral 
antenna,  thus  eaiending  the  low-frequency  cutoff  of  the  structure,  conceptually  resulting  in  an  ultra- 
wideband  radiator.  The  intent  of  the  present  design  is  to  drive  the  antenna  with  a  high-speed,  laser- 
controlled  solid-staie  switch  situated  actoss  the  quasi-parallel  bowtie  ham  conductors. 


Antenna  Design  and  Modeling 

The  smallest  dimension  of  the  bowtie  horn  determines  the  upper-frequency  limit  of  the 
structure,  and  also  deRtmlnes  iu  powCT-handliuu  capability.  The  lDwe^frequency  limit  of  the 
structure  is  detertnined  by  the  lar^t  diameter  of  the  conical  niial.  Tc  minimixe  reflections  at  the 
bowtie  hom  to  conical  imsl  tiansliico,  the  conducion  must  follow  a  smooth  and  continuous  path, 
matching  the  tangential  uedvacive  ail 

along  the  transition.  To  accomplish  this,  a  novel  sirucuut  which  is  acnially  a  secdm  of  a  Cornu  spiral 
was  modeled  and  also  fabricated  in  the  laUntocy. 

A  reprwnudve  stiuciure  ( flgure  1)  was  modeled  and  analyzed  using  the  Numerical 
Electromapneiics  Code  (NEC)  [6].  Figure  2  is  a  cloter  view  of  the  bowtie  horn  structure.  In  order  to 
be  compaable  with  NEC,  the  soucture  was  modeled  with  wises.  The  wires  making  up  the  asms  of  the 
spiral  tun  only  in  the  diiecconofihe  spiral  curve.  Thishiisbeen  shown  tobeavalidapproximaiioR 
by  Ada  and  Mei  in  their  integial  equation  fcrmuladon  of  conical  spiral  intennas  [7].  This  also  was 
rested  by  simulating  the  antenna  with  and  without  croashaiching  wires.  The  two  diflerent  cases 
showed  little  difference  in  current  distribution  or  ndiabon  panem.  A  fruitier  consideraiion  for 
modeling  the  antenna  surfaces  with  wires  is  the  wire  radius.  The  generally  accepted  rule  for  wire 
diameter  is  that  the  set  of  wires  lepresendng  a  iquiie  pid  must  have  a  total  surface  aiea  of  twice  the 
square  grid  area  being  modeled  [s].  Using  this  rule,  the  wire  diameten  in  the  spiral  portion  of  the 
anenna  must  increase  exponentiaily.  To  further  test  this  method  of  conducting  suince  simuladon 
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irntll  micnMfrip  puchei  ’«eir.  tnodelsd  usinf  NEC  ind  another  popular  MOM  microiliip  tnodeling 
package  called  Souiet  nO)-  The  peichat  were  alio  fabrtcaied  and  leiied  and  compared  with  the 
ttmuladao  dau.  The  wire  ^■neteri  uied  in  the  NEC  liinulanon  were  dien  acaled  undi  the  limuladon 
matched  the  meaiuiemenu.  Tbii  Kaiiitg  wai  then  uied  in  the  antenna  model. 

Modeling  and  Testing  Retulti 

Computadon  of  input  reiitiince  ftom  2  to  19  QHz  it  ihown  in  ngtoe  3.  In  the  lower  portion 
of  the  band,  the  input  resitiance  varies  araund  110  otiiiit,the  theondcal  input  resiitance  of  a  conical 
spiral  of  ihesedlineationipredictadbyDyion[l].  At  the  upper  ponion  of  the  band,  the  input 
resistance  climbs  toward  377  ohms  but  then  begins  to  decrease  il^ly  above  17  OHt.  Thijmaybe 
explained  by  leakage  from  the  parallel  plaB  waveguide  regian. 

Repnaeniaave  modeled  radiadon  panemi  are  sho^  in  flnne  4.  No*  that  the  polaiiation  is 
ftequency  dependenc  at  the  higher  Bequencies  where  the  bowde  nom  is  the  predominant  tadiator, 
poiaiixanon  is  elUpdcal/near  linear.  In  the  lower  ftequency,  conical  sphel  regime,  polaiiadon  it 
elliptical  /near  circular. 

The  modeled  antenna  nucture  was  ftbricaKd  in  the  labasamy,  aitd  the  letum  loss  wu 
measured  using  an  HPt3 IOC  netwofkanalyrer.  The  return  lots  results  are  shown  in  flgure  S.  A 
photograph  of  the  anrenna  structure  is  thovm  in  figure  6.  It  should  be  noted  that  this  design  wu  not 
IntentMBbediiveoby  a  constant  or  swept  source,  lather  by  a  laser  connoUed  or  other  twitch.  Work 
will  hive  so  be  done  in  onier  to  iiantfann  the  panlld  plaiB  balanced  mode  n  a  coaxial  unbalanced 
mode  for  coonecdonpoipcies.  Pnliminaiyioxllu  am  underway  n  explore  the  use  of  ultra-wideband 
balura  [9].  It  must  be  sireited  that  the  fabricated  antenne  wu  only  ter  CAD  model  velidadon  to  keep 
us  on  neck  with  the  modeling. 

A  test  of  the  nmotype  aniennu  power  capability  wuconcucied  at  the  EPSD  pulae  power 
cenar .  A  230  tmp  ukv  pulse  acrcu  e  one  huntM  ohm  load  wu  applied  so  the  anrenna  with  no 
iRover  or  hetdng.  High-power  paiom  meesuremenu  ate  not  avsileble  but  e-field  probu  were  placed 
SI  various  poino  ut  the  tab  and  the  riiedmu  of  the  detected  field  showed  wideband  operttian.  work  is 
underway  to  produce  a  proper  method  of  testing  the  tssntient  response  of  the  antenna. 


Reierencu 

[1]  JJD.  Dyson,  The  chancreriitici  end  design  of  the  conical  iplrelinreana,"  IEEE  TVins.  on 
Aniennu  and  Propafitian,vol.  13.  July  I9tiS,pp  488-499. 

[2]  R.H.  DuHamel  and  D.G.  I^U,  'BroacUiand  losiriihmiLally  periodic  anrenna  smKture,'*IRE 
Nat.  Oonv.Rec.,pan  l,1937,pp.  119-128 

[31  PJ.  Oibson.The  Vivaldi  aeiial,"Proc.  9th  Europ.  Mic.  Conf.,l979,pp.l01-I0S. 

[4]  AJCY.  Lai,A.L.SinopoU,and  WJD.  BuTnside.*A  novel  inrenna  for  uloa-wideband 
a{>pUcilioM,TEEE  Trans,  on  Anrennu  end  PropeipUiosi.voL  40,no.  7,  July  1992j».  733-760. 

[3]  A.  hWvin  end  S  J.  Potier,*  30  Mbs  to  1  Qhx  in  one  sweep-the  bilog,*EMC  Test  end  Design 
Migeziiie>ug.  1993.pp.  28-30. 

[6]  GJ.  Buikc  end  AJ.  Potiio.’NinnericiI  eleiromegnelics  code  (NEC)-meihod  of 
moments, "Nival  Oceins  Syst.  Center,  San  Diego.CA.NOSC  TECH  Doc.  1 16Jan.  1981 . 

[7]  A.E  Ada  and  K.K.  Mei.’Analysis  of  muldde-sim  conical  log-spiral  antennu.'lEEE  Tians. 
on  Antennu  and  Piopagilion,vol.  I9jio.3.May  1971. 

(81  A.C  Uxlwig,"Wire  grid  modeling  of  suifaces."IEEE  Ttani  on  Aniennu  end  Propegadon.vol. 
33.no.9.SepL  1987. 


377 


n|J  Eipiadad«lr»c(ivcnd  bom  model. 


379 


381 


A  Practical  Application  of  NEC 
Impedance  Calculations* 

W.  Perry  Wheleas,  Jr.,  Unhersity  of  Alabama 
Darko  KajfiKe,  University  of  Mississippi 


1.  tiriaooocTtoM 


Fig.  1.  Ptutieal  irire  anleou  equivalest. 


Fig.  1  illMtnta  thU  tbc  Iheonticai  win  *b- 
{a(d-pa<Dt  iinpadaaca  Zttmi  ■*  dunged  to 
•ctuUy  oImu'uI  impodiim  Zm,  ^  beduig 
BttWBck  ewnrieteH  wHb  tfae  anwau.  The  liarw 
network  ehown  in  Fig.  1  any  iueinile  ioraU^ 
•ad  imppotu,  trwBeminiinn  hne  wetioat,  a  Mina, 
luaiped.«iaBMat  «iuBipeaiBta  of  an  actanna  ttiu- 
iog  unit,  and  atny  naeUnoat,  with  Unaaiity  the 
only  aatnmptiea  naeanaty  fot  the  network.  It  haa 
been  shown  (1|  that  the  theoiatiai  impedann  of  a 
delta-gap  cylindiical  dipok  can  be  rciated  one-to- 
one  to  the  actual  luwaeured  unpadanoe  thnogh  a 
bilinear  itanaiatniatioo  at  a  giTcn  siagie  heqnency. 
The  tranafannatioo  is 


Z. 


ejZi_+jij 
uaZ,  -i- 1 


(1) 


where  ai.ui,  and  aj  are  oomplax  coeScients  and 
Zm,  Z,  are  ahortened  namee  for  Zw,  and  Zmwi, 
reepectiwely.  In  (1],  the  odependent  variable  is 
dirtance  d  of  a  hoctental  dipole  above  a  perfect 
gtound  plane;  the  ideal  impedanoet  £  asaodaicd 
with  the  various  distances  of  inteiest.  at  a  fixed 
fiequency,  were  obtained  fioffl  an  integral  equation 


appioaoh.  It  is  believed  that  the  transformatioo 
applies  equally  well  to  other  types  of  practical  win 
antennas. 

The  pnoedun  of  detenniiiing  the  transfbnna- 
tieo  co^cieaU  a,  to  as  hu  become  known  as  de- 
embedduvg  |2!(3J.  The  technique  in  [3)  uciudse 
coegpntatioo  cS  the  standard  deviationt  for  the 
three  transform  coeffidents  directly  from  the  mea¬ 
sured  data.  Notable  strengths  of  the  methodology 
inrlude  only  one  htversioa  of  a  complex  3x3  ma¬ 
trix  in  all  cases,  and  the  ordering  of  data  poinu 
is  not  important.  In  many  applicstioos.  the  num¬ 
ber  of  data  poinu  greatly  exo^  3,  in  which  caee 
aa  ontdetacminad  set  of  eqnaticas  is  solved  in  a 
lawtequanesenn.  While  the  impadueetransfor- 
sienriitsii  with  practical  antannaa  ie  one 
clem  of  probleme  aaunnble  to  treatment  with  the 
hactional  linear  tnasfonnatioo,  the  fonnuiatiaa 
actually  nlasea  the  (complex)  input  to  output  for 
liaaur  iwo-potu  in  genutal. 

Win  antennas  an  nowadays  analysed  reliably, 
even  in  the  proximity  of  loesy  earth,  by  numerical 
methods.  Most  notable  among  ^^e  available  srin 
codes  sn  NEC-2  and  NuC-3  [4][3],  which 
an  both  based  on  the  moimt  method.  NEC-2  is 
aveiUble  to  the  public,  and  is  a  powerful  tool  Cor 
the  analysis  of  win  lesiding  in  the  eir 
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half'spAce.  NEC'3  is  required  to  moUyse  onten- 
nu  involving  &ir*U^eartfa  'ground  sIaIm*  un* 
dergfound  (buried)  wires,  but  the  datribution  of 
NEC-3  is  restricted.  NEC-4  exisu  but  is  geneniiy 
unevailftble  because  its  distribution  is  strongly  re¬ 
stricted.  so  NEC-4  is  pot  considertd  here.  When 
properly  Applied  (tbst  Ur  the  known  mbereot  lim- 
iuriooi  of  the  codes  are  observed)  to  a  broad  class 
of  wile  antenna  types,  NEC-2  ana  NEC-3  can  cal¬ 
culate  feed-point  tmpedances  which  are  accurate 
and  rcbable  to  the  point  that  they  can  be  taken 
as  ideal  tbeoreiical  vahses.  SimiUtly,  network  an- 
alyiert  are  now  widespread  so  that  refieetkm  coef- 
ficiaiti,  or  impedanoesr  may  be  raeasufed  readily. 

The  main  objective  of  this  paper  is  to  demon- 
strate  ^ipUcation  of  the  fractional  linear  trans¬ 
formation  relationship  to  the  new  situatkm  where 
the  vatiabie  is  frequency  and  the  geometry  is  fixed, 
as  compared  to  the  original  formulatiofi  for  fixed 
frequency  and  a  variabk  geometry  disMAsioa  [1|. 
It  is  shown  here  that  the  approach  can  be  valid 
over  a  aignifieant  bandwidth,  even  when  the  trans¬ 
formation  ooeffidents  are  (cos^piex)  constants.  A 
trailiflg-wire  HF  antenna,  deployed  from  a  fixed- 
wing  aircraft,  is  used  as  a  specific  example  to  U- 
!'^rr;>e  the  basic  characteristics  of  the  impedance 
transformation  when  frequency  U  allowed  to  vary. 

n.  PnoccDhu;  for  ImpedaRce  Data 
analysis 

For  eonvenient  reference,  essential  potnU  of  the 
computer-basod  procedure  for  deCerminatioD  of  the 
impedance  traa^fermatioa  ooeffidents  and  other 
parameters  of  inUrert  are  sammaristd  bdow.  Ad¬ 
ditional  detaib  and  coosideratioos  are  in  (1)  and 
[3|  where  it  is  noted  that  the  basic  vector  dceerip- 
tioo  which  yields  the  curvo-fitting  procedure  for 
the  fractiooal  Bnear  transformatioB  foUows  from 
(«1. 

Re-writing  Eq.  1  in  implicit  form  gives 

+  4l  ”  “  Zm  “  0  (2) 

for  a  single  ideal  impedance  Z  and  a  single  corre¬ 
sponding  measured  impedance  When  multi¬ 
ple  points  are  involved,  a  eeoond  subscript  is  added 
to  denote  the  number  of  the  independent  variable 
sample.  That  is,  at  the  '‘□"-tfa  data  frequency. 


meMurementand  NEC  compuutiop  give  end 
Z.n,  respectively,  and  Eq.  •>  IxcniTKa 

OlZ„  -f  aj  —  OjZ.  iZ,  ,,  tfi  (3) 

With  just  threi;;  d4.:i  have  three  equa¬ 

tions  which  allow  \  H  .l-.  roiulicn  for  Ci.o;,  and 
ay  Ac  overdefo.  lysteu  results  from  total 
data  poinu  N  >  k  which  case  a  least  squares 
solution  may  i  f  e  btaiaed:  it  is  usually  more  re¬ 
liable  to  a  l«:.ger,  overd^ermined  system  of 
eqiuvtio  ^  ’.vt'cauae  it  reduces  the  infiucsce  of  ran- 
(.'or.i  er  .'/V  in  the  nksasuicments. 

Vo  ob  ain  a  matrix  equation  suitable  for  com- 
piive/  ir.vpiesaentation.  in  accord  with  [6].  the  eo- 
ein.ucitr  of  Oi.O},  and  os  from  the  left  hand  side 
of  Eq  3  are  loaded  respectively  into 

■  Zi  ■ 

!«.}-  ,  (*) 

.  . 

I 

l«»)-  !  ,  (5) 

.i  J 

and 

—  ZiiZnti 

ks)  •  .  .  (6) 

—  ZisZmS  . 

with  the  right  band  side  values  packaged  into  the 
fourth  vector 

2ml 

\s) " 

.  . 

so  that  Eq.  3  can  be  written  compactly  as 

i/)-f  (8) 

•mt 

The  distanoB  between  \f)  and  its  expansion  is  min- 
imised  when  constants  e,  are  found  from  solving 
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t 


ihc  muhx  cqu4uoa 


r 

(«i,ei) 

(«1|  ej) 

L 

(ej,«i) 

.  *3  . 

<*!./> 

(*../> 

(*../) 


(9) 


thmugh  inimiaa  of  tha  3  x  3  motiix.  ai»mg  that 
hon  the  mighroil  icaUr  product  it  definiH  to  be 
oonpla  bp 


In  Eq.  10.  iD>  it  4  mighting  (tetor  which  con  be 
choeen  to  u  to  prevent  large  vaiott  of  jZmJ  or 
\Z^l  from  ondae  infiiaooe  on  the  out- 

opoH  of  the  cakaUtiOBt.  When  the  uagnitudei 
of  Zi  and  Zk  am  eoapaiaUa,  the  a^  have  a  mi- 
not  Act,  tad  map  all  be  taken  to  be  unitp. 

Wbta  the  difletaaee  benaaan  the  left  ha^  and 
right  haad'iidta  of  Eq.  3  it  aetuallp  eemimtod  far 
the  n-th  vaha  of  the  independent  variable,  with 
the  throe  a,-  known  bp  oittnm  of  tolviag  Eq.  9, 
impettBCtinoa  in  and/or  random  eneea  in  2U. 
will  cante  the  retail  to  detdate  ahghtly  boo  zero. 
If  thia  amall  diicmpaaep  it  called  a», 


+  Of  —  ea2i»2pw,  *  (1*) 

The  unplicationa  of  ihia  for  jodidoua  leiectioe  of 
the  weighting  betera  ret  am  oonaidaiod  in  [ij,  with 
the  ooodutiea  that  appropriate  waigfata  ace 

Them  am.  in  fact,  the  weighta  which  am  applied 
in  the  faHowiag  example. 

in.  Example 

A  trailing-wim  HF  antenna,  deploped  to  a  length 
of  approximateiy  16.T3  meten  bom  a  fixed-wing 
airo^.  it  abown  in  fig.  2.  The  antenna  it  dearly 
viaible.  extending  below  the  fuaalage  hr  the  pn^ 
view  of  fig.  2.  Wim  dopenaiag  unita  for  auch 
trailing-wim  antamiat  am  chtracacrixad  by  Urge 


Fig.  2.  Top  and  profile  viewa  of  airccaft  with 
trailing-wim  HF  antenna. 

itmy  mactance  valnaa.  A  lumped-elenient  atatic 
drain  ia  attached  to  the  wim,  .Alio,  a  length  (ap- 
pceoriiralcly  $  m)  of  SOft  coaxial  cable  connecta 
the  antcuna  iced  point  to  the  network  anaiyaeT 
located  in  the  airoaft’a  equipment  bay.  Hanoe, 
ibam  am  multiple  cootributiona  to  the  overall  lin¬ 
ear  network  of  Fig.  1. 

The  ‘ideal’  faail  point  impedance  for  the  an¬ 
tenna  at  each  baqnancp  of  iatemat  U  oomputed  ue- 
ing  the  wim  grid  modal  ahewn  in  Fig.  3,  uaing  the 
NEC-2  code  oo  a  penooal  ccnpntar  (PC)  [4]  (5). 
The  NEC  cooipul^  impadanoei,  Zm,  and  maa- 
auiad  iapat  impedaiioea.  Z,^,  at  frequeadea  bom 
14.4  to  ifi.fi  MHx  in  OZ  M&  atepa  am  plotted  in 
Tig.  4.  and  they  am  alio  given  in  Table  I.  The 
rcUtionahip  between  the  two  aeu  of  impedaaoea 
ia  not  apparent  bom  inapeetion  of  Fig.  4. 

The  tranaformatieo  ooeffidenta  are  ealenUted 
on  the  baab  of  four  faeqoaiidei;  14.4,  19Z,  15.8, 
and  16.6  MHa.  Aftarwarda,  input  impadanom  Z,a« 
am  predicted  by  applying  Eq.  1  to  the  NEC- 
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» 


Ftf.  3.  Top  and  profile  views  of  wiie-grid  model 
used  in  NEC*2  aiulyeis. 


Fig.  4.  Measured  and  NEC-computed  impedances. 
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I  UAISAffA  lUMMt 


FiS'  Predicted  end  meesuied  impedences. 
four  coefficient  betii  f^neocies. 
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comput«i  impedances  over  the  frequency  bftrtd 
U  4-16.6  MHi  in  0.2  MHs  steps.  Consequently, 
the  prediction  capability  of  the  transformaiion  is 
tested  at  eight  new  frequencies  in  the  band  spsnoed 
by  the  four  coefficient  basis  frequencies. 

Measured  and  NEC  unpedenees  are  reported  in 
Table  1.  The  ciiculated  values  of  transformation 
oonsunts  «t.  as,  and  as  are  nlio  given  there.  Pre- 
dieted  impedaaces  using  thcee  a,  values  in  Eq.  1 
are  listed  for  oompaiisoo  with  Zm  in  Table  I.  and 
Fig.  &  is  a  graphical  presentation  of  the  predicted 
vereue  measus^  impedances.  The  error  at  each 
frequency,  reported  in  the  last  oclumn  of  the  ta¬ 
ble,  is  the  ratio  of  the  length  of  the  'Error'  vector 
in  Fi|.  6  to  the  length  of  the  ^Measured  Z*  vector, 
expressed  as  a  percentage.  The  wont  case  error 
between  predicted  and  measured  values  is  3.6%  at 
14.6  MHr.  For  the  four  coefficient  basis  frequen¬ 
cies.  the  average  error  b  only  0.6%  and,  for  all 
twelve  frequendca  repieaented  in  Table  I,  the  av¬ 
erage  error  is  just  1.2%.  The  extent  agreement 
of  predicted  impedances  with  measured  values  in 
Fig.  5  is  impressive. 

Because  the  measured  impedaaces  for  thb  par¬ 
ticular  example  contain  only  sisaU  random  enon, 
the  inclusion  of  additional  batb  frequencies  in  the 
cale\ila(ion  of  the  ft.  values  does  not  lead  to  any  ap¬ 
preciable  improvenient  of  the  Anal  results  (namely, 


the  average  error).  The  average  error  remains 
comparable,  in  fact,  even  when  all  twelve  data 
points  are  included  in  the  initial  coefficient  cal¬ 
culations.  In  other  applications,  where  the  mea¬ 
sured  data  may  be  subject  to  larger  random  exper¬ 
imental  errors,  the  inclusion  of  more  data  points 
into  the  calculation  of  transfomiation  coefficients 
should  yield  unproved  agreement  of  predicted  and 
maasuted  impedances. 

Fig.  6  illustrates  symbolically  the  measured 
multidimensional  vector,  its  predicted  value  (pro¬ 
jected  to  the  space  spanned  by  the  three  vectors 
and  the  error  vector.  \  usrful  indicator, 
called  reliability  factor,  b  defined  as  follows 


(13) 


The  geomethcel  meeniag  ii  that  the  nugeitude 
of  the  error  vector  must  not  be  greeter  thee  10% 
of  the  megaitude  of  the  measured  vector.  Thus, 
to  heve  confidence  in  the  meesuied  dote,  the  com¬ 
puted  reliebility  fictoi  must  be  smeller  then  unity. 
It  cea  be  teen  in  TeUe  I  thet  this  condition  is  well 
•etitfied  for  theexemple  shown  (A/  »  IQ-’). 


rv.  Data  Analysis  SorrwAgE 

The  first  piogrsm  for  celcnletion  of  the  frec- 
tionei  lineet  liusformetion  codScients  sad  other 
penoeters  oC  inleiat  from  e  set  of  meesuied  end 
theereticel  impedenecs  wu  written  in  the  Fortren 
lenguege,  and  nenied  FRALIN.  The  results  in  this 
ptper  were  sU  obteiaed  with  e  subsequent  MAT- 
LAB  (7|  progrim.  named  FRALIN2,  for  use  with 
the  PC  software  MATLAB  for  Windows  veieion 
4.0.  The  output  graphics  from  MATLAB  were  all 
produced  on  a  PoetScript-cquipped  laser  printer. 

Raadeis  interested  in  obtaining  the  ax  tuter 
code  used  in  this  work  should  contact  the  first  au¬ 
thor  at  the  Departmeut  of  Electrical  Engineering, 
University  of  Alabama,  Box  970286,  Tuscalooea, 
AL  35487-0286. 


V.  Conclusions 


fractional  linear  transformation  was  used  ear¬ 
lier  ji]  to  relate  in  a  one-to-one  manner  the  ideal 
Fig.  6.  Relatfonihip  of  error  to  measured  iropedence  „  j  tneuured  impedances  for  a  dipole  antenna  as 
on  complex  plane.  ^  function  of  height  above  a  ground  plane.  This 
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work  providoi  additionftl  evtdonco  thot  other  prec- 
ticel  wire  eateont  typei  »bo  may  be  modeled  re¬ 
liably  by  the  fame  procedure.  Abo.  the  roeulta  Id 
thb  paper  thaw  that  the  tranafocmation  may  be 
applied  over  limited  baodwidths.  even  (or  coeiB- 
cient  vaiuei  which  are  raitricted  to  be  cottatante. 

One  poaaible  appiication  o(  thia  impedance  trans- 
(otmation  modei  u  to  predict  the  input  impedance 
of  a  wire  antejna  at  new  firequeneiea  of  intercat 
arithin  a  hand  apanited  by  a  few  (but  >  3)  aarapie 
fraquanciaa  on  which  ealculalion  of  the  tranafor- 
mation  ooeffidanta  b  baaed. 

The  tnnabrm  reUtioBahip  between  the  ideal 
antenna  impedance  one  obtaina  from  NEC  and 
actual  remote  feed-point  impedance  for  practical 
wire  antennae  ahould  be  of  particular  inteieat  to 
uiera  of  HF/VHF  wire  antennaa. 

Future  arork  will  attempt  to  extend  the  trana- 
fomiation  to  become  frequency  dependent  to  that 
trider  ftaquency  ran|et,  iaeludin|  raaonaat  and 
anti-reaooant  regiont,  can  be  modeled  with  one 
aet  of  ooaffidenta. 
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NEC4  Analysis  of  a  Navy  VLF  Antenna 


C.  A.  DiiMfU,  J.  H.  SehuS-antz.  P.  M.  Hantm,  J.  C.  Lotwii 
Naval  Command,  Contrel,  and  Ocaan  Suivnillanca  Canmr 
RDTUDMaloo 
San  Slago,  CA  SMSt-rsoa 


Aasnucr 

NEC4  It  utta  M  ivaHiam  propeiad  mMMMtgna  to  a  Atovy  VLF  toNMdtd  ffiompoM. 

CMirge  damMta  am  oonviutod  and  uaad  to  eafeidM*  too /naidmum  toptoad  pradtort  tor 
totowMatoaa.  A»)W4ton  toa  antoma  to  atoeWcai^' ama«,  t  Itrgt  numbur  ot  ttgmtntt  It 
naadadtooMatodwdaadadmaeibdtontodiacna^dMa.  Gn&tnt  Mutt  amita  tram 
nt  NECd  dam  am  thorn  to  M  to  etoaa  agaamato  wWi  ifKMa  danvad  *om  maaiumd 
dam  TTia  gadlard  vatoa*  dww  toaf  dia  preposad  eom^gindw)  Mat  nM  nwat  dw 
manmuni  gradtom  Ma|g>  tonll  Ms  antonna. 

IMTROOUCnON 

EMcMeally  short.  MpMadad  monopotos  am  eommonly  uaad  by  Mia  U.S.  Navy  for  Vaiy  Low 
Fmquancy  (VLF)  oommtaitoalion.  AMwugh  atocMtoaMy  small,  tha  opanung  friquancy  ranga  (lyplc^  12 
kHzM30kHt)msubln|iliys)ealylaq)sanlsnnasrsqulrtngtlgnlllcanlnialMtnanoa  Ona  such  anlsnna 
is  ttia  CuUar  VLF  Antonns  Syslam  kwstsd  at  U.S.  Naval  Radio  Statton.  WaaNnglon  County,  Maina.  Tha 
antsnna  la  a  dual  array,  i«Mh  aach  array  maaaiirtng  ovar  gTO*  In  haight  and  6000'  In  dlamatar.  This 
mataiva  atniohim  la  cunimMy  schadulad  tor  axtanalva  mim  mplaosmam.  An  aconomlcal  way  lo  avaluata 
MM  prapoaad  changas  is  nacaaaaiy,  and  using  numsrtoal  modaling  Is  cma  aolulton.  TMs  papar  prasants 
a  oompuMr-aMad  analysis  of  tha  CuOaramanna  uamg  tha  Numarlcal  Etoctromagnalics  Coda.  Varston  4 
(NEC4)  |1|.  PravkMis  work  has  darnunslratad  Mw  applicability  of  NEC-OS  (NE&Onwnd  Scman)  to 
similar  ^antannaap].  Haia,  tha  obiaeliva  la  to  uaaNECa  to  datarmina  tha  maidmum  surface  alaciric 
Mold,  or  gradlsrM.  on  tha  antanna  top^.  Knowing  lha  gradiani  pravldas  a  moans  nf  aaaasslng  tha 
hnp^  of  tha  propoaod  woo  raplacamam  on  antenna  pattormanca. 

ANTENNA  OeSCRIPTION 

Tha  Cudar  antanna  eonsiais  of  two  UanMcal  arrays  as  shown  in  FIgum  1.  Each  array  Is 
sassiMiaky  a  Oasa-tod,  topMadad  monopole.  Tha  topuiaia  of  aach  array  oonaM  of  six  diamond  shaped 
panels  arranged  aymmaMeaHy  around  a  eaniral  towsr.  Tha  panalt  am  supported  by  ona  oanlar  hwmr 
(TO),  sbrawar  towers,  and  six  outer  lowats.  Tha  towan  ranga  in  halghliram  000*  at  Oia  outer  ring  to  just 
under  1000*  al  tha  oentar.  Each  tower  is  supported  by  a  ayatem  of  guy  wiras.  All  towers  and  guy  wires 
am  grounded,  and  all  tha  panalt  an  Mtulaiad  Rom  Mia  towart  Aid  aach  other.  Each  panel  Is  fad  using 
aavaral  down  lead  wires  erdending  from  a  oonnacllon  near  Mia  oantar  tower  insulator,  to  a  helix  huusato 
Hia  base  vtoam  Miay  am  Med  together. 

A  plan  viaw  ilustiallon  ,  a  singla  top-hat  panel  is  shovni  in  Figure  2.  Each  panel  in  tha  array  is 
apprexnnataly  SOOtr  long,  and  has  alglil  wires  nmning  from  TP  to  tha  outer  lowers.  The  tour  inner  wires 
of  each  panel  am  1'  diameter  soMO  com  cablas.  Tha  tour  outer  wires  of  each  panel  consist  of  1*  solid 
oora  cablas  oormceled  lo  l.r  dlamatar  hoilow  com  cablas.  Hollow  con  caOlas  ware  originally  used  to 
save  on  waighl.  The  1.$'  diameter  Is  necessary  to  avoid  corona  on  Mie  antanna  at  lower  operating 
treQuendas. 
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Flguttl.  OoMnl  layout  of  thaCuUartnIMiraPI. 


PIgwo  2.  Plan  vlaw  of  a  aingla  top-hat  panat  of  ttw  Cullor  anianna. 

I 


390 


CtfMM  k  ■  dkcMrg*  of  oloarteol  onomy  ttal  eon  occur  noor  ■  aliaip  paM  of  »  conduaor 
ratoM  10  ■  high  poftnUol.  Enotgy  It  dkehaigad  whtn  iho  dtorle  fMd  tlrtneUi  on  iho  conductor 
•KotMt  the  brotkdown  vohagi  of  the  tumundUig  tit.  Smot  Iho  tnoigy  it  dItalpMaa  Into  iho  air,  H 
rapraaanta  a  powor  loa  in  uta  ayaltni.  Ttiarafoca,  h  la  irnportam  to  avoid  oorona  to  mtinitin  tyilom 
ofltetancy. 


Curranlly,  lha  Cutlar  antenna  oparalaa  at  24.0  kHz.  It's  maxImuni  Input  powor  is  ona  mogawttt 
for  alnglo  array  oparallen,  and  Imre  magaiNaita  for  dual  array  opaiallon.  M  24.0  kHz.  oorona  la  not  a 
praHam  fei  tha  1.0'ailioa.  Moaravar.  It  la  daoliabla  to  cparalo  at  iT.a  kHz.  and  at  this  froquoncy.  tht  t.s* 
akiat  ora  naodad.  Unforturstaly,  thaaa  vilioa  tia  duo  for  laplaoamtM  and  tha  haNaw  ooia  oabla  la  no 
tengar  Bvalabta.  Hwaa  naaaaaaiy  ihaiafera.  to  aludy  dllfatani conflgiiiationt  lo  find  an  ahamaiiva  to  iha 
t.roaMt.  Modahng  tha  aWanna  uatng  N6C4  provided  a  convanlant  way  lo do  thta. 

‘n«NIC4MOOlL 

ANCC4inodalofthtCullar«nltnnawoaoanalniclad  forlhacomputtntldtd  tntlyala.  Ahhough 
tha  anttnna  oonalati  of  two  arrays,  k  la  ollan  oparalgd  using  only  a  tingit  array.  Tharafora,  tingle  array 
oparttlon  was  tatumad  to  timpliry  thia  tnalyala.  Two  amarna  conflguratlont  wars  modaiad. 
Configuration  l  modalt  tha  anianna  in  M  piaaani  Mala,  using  hath  l*  and  1.S*  diamatar  top-hat  wliat. 
Configuration  2  eonalatt  anttaly  of  1’  lop-hat  wliat.  Tabla  i  below  givas  modal  dlmanaiont  for  both 
oonflguratlona.  Inner  panal  vkiaa  lafar  to  tha  panel  saoliona  horn  TO  to  lha  mnar  lowaia.  Outtr  panel 
raftis  to  lha  ateuona  from  tht  inntr  towers  to  the  outer  lowcra. 


ConHguratlcn  1; 

raiM12*IMraa 

Conflgurailon  2:  1*  Wtiaa  Only 

Diaiaeiar  (In.) 

Length  (IL) 

Diamatar  (In.) 

Camar  Tower 

•79.S 

72.0 

979.5 

72.0 

Inner  Towtra 

■7S.g 

075.0 

72.0 

7W.0 

799.0 

72.0 

SS0.1 

t.O 

5501 

1.0 

!CTrak';iSi 

13S2 

1.0 

1575 

1.0 

223.3 

1.S 

— 

— 

\Miaa2S7 

1216 

1.0 

1441 

1.0 

224.9 

IS 

— 

— 

sgiamvi??! 

aoQ.o 

1.0 

1.0 

774.7 

1.S 

a- 

Wlrtt2A7 

774.2 

1.0 

1549 

1.0 

774.7 

1.5 

— 

— 

TaWtl.  Dimanslona  of  tha  NEC4  Culler  anttnn*' model. 

SInot  the  antenna  Is  radiar  oompitx.  lavaral  approidniatlona  were  made  in  conatnictlng  the 
oompmar  modala.  To  begin  whh,  tha  top-hat  e^emenls  ware  modaiad  as  flat  wires  vkth  no  catenary.  All 
tower  guy  «4ias  ware  neghrdad  and  a  pMct  ground  waaattumed.  Since  tha  towers  are  mauMad  from 
the  panals  In  tha  ardanna,  they  ware  mcdeled  as  free  Mending  nwiHipoles  in  tha  model.  On  the  actual 
antenna,  aaveral  vertical  feed  wiraa  fan  out  from  the  aouret  at  the  base  to  each  panel.  On  lha  computer 
modal,  each  panel  was  fad  uilng  a  singla  vaitlcal  Mad  tiuandlng  from  the  aouma.  Furthermore,  sinoa 
tha  camar  tower  M  not  fad,  Via  ftad  aliuelura  had  to  pa  made  ilIgMIy  asymmetric  to  acoommodata  the 
towers  poadlon.  Thai  M,  lha  dMtance  from  lha  aourca  to  each  pa^  varlaa  sllgnily  from  panel  to  panel. 
This  ttymmaby  can  cleaity  be  seen  in  the  ceidar  of  Figure  3.  which  thaws  a  vinr  of  the  NEC4  wira 
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nwM.  nnaly,  UnemwdualauMrwkwenNeltouttrpmiadgtsratedoMteMdiettMriMartlM 
PMM  Mtucat  (iM  PIgura  2),  tiM  otwriwiy  had  to  to  oMtoi)  to  oHuw  NECO  to  raoognU  ttoni  m 
oopmM  torat.  •ptoMailly.  tto  ottor  panot  wlio  oopowtlon  at  tto  kmaf  tovutr  eonnactlon  wn  itM  than 
10^  Mmaa  tto  langlii  o(  tto  uMa  oagmonti,  ihuo  vMatmg  tto  •oparallon  cfttoita  in  NEC4  |1|.  To  gal 
around  iMa  amHaUon.  lha  oular  tuna  wtroa  (t  1  atKl  M)  tuara  modaM  aa  a  aingia  wm  Mar  tht  htntr 
vanax  of  aaoh  panal.  At  a  olatanoa  of  too  aagntanla  (a  112R.)  from  ttooamartowar.  tto  wira  ipmi  litio 
too  aapaiala  wirw.  ’’tia  angit  totoaan  tto  •rWa  «iaa  adMMd  la  aahlavo  ito  spadtoa  Mparatlon  at  tht 
kawrtmwrrlng.  ModIfiMg  Ito  gaomaliy  aatim  Juadflad  akioa  tto  raaultaig  dlfMranea  hi  wtra  langthp  It 
arnal  oomparad  to  a  arOHatangdi.  Ttoa,  tharaaMleiily  to  a  amaRafM  an  ttoealciilallent.  Alaa.Rwaa 
Ml  that  lha  ahatga  aroiaid  tto  ktnar  itwar  loglon  amuid  to  Ngtor,  and  tMtofoia  man  ertiioai  to  Ito 
anaalofeaiono.lhanltocliaigantarltooanlartowat.  Hanea,  ntodalHig  aoouraoy  at  TO  waa  taedfload 
HUanofofrnalnlalnHtQttoaairaetaaraatoelnoatltoatnaftoaraia. 


ngunS.  Plan  vltw  Of  tto  NBCACullar  modal. 


Cateulatlana  arart  parfamrad  uaing  tto  aliigla  pracWon  aaralon  of  NEC4  on  a  Convax  C240 
WnPauparoamputo'.  To  aHam  ito  maidmum  pracUcai  raaoiudon  In  tto  ctorga  danaltir.  tto  modal 
raquHad  apgroidmataly  3000  unanoima  and  llvt  houra  to  run.  Aa  toai  ad  Mtthod  of  Momanta  toia 
modalng.  thaio  la  a  dado  oa  totoaan  medal  aiaa,  eemputaUon  Him,  axi  tto  minimum  aagmtni  alM 
•mil  of  tto  program,  hr  addition,  tto  aaymmaliteal  faad  anangamam  of  tOa  pamoular  medal  piavantad 
aalng  aymmatry  In  Ito  eatadaUan.  Sfeioa  amad  aagmam  medoHng  Hi  HEC4  haa  Man  algnllleanlly 
htiprevad  over  aaiiiar  varaiona  (1],  eompuMdon  ww  and  modal  alM  tooama  tto  iHalUng  laciori  for  IMa 
atudy.  Taking  gia  faetora  apava  hda  aaoaunt.  I  waa  daoMad  aagmam  langlM  of  approxfenaMy  55  It.  (a 
0.001  would  ghro  die  moDdmum  praeUoal  roaohdlon.  Qlvan  tto  largo  toyaieal  alzt  of  tto 

Cunont  and  ehaiga  won  eafcidatad  at  17.8  HHc  and  24.0  kHz  lor  bout  amanna  conflguratlont. 
Plguioa  4  and  8  ahaw  Ito  catodaiad  eliaiga  dMilOullon.  normallitdto  l  amp  input  currant,  for  tiia  oular 
too  panel  whoa  todoa  1  and  2.  or  7  and  8  Hi  Plgura  2}  al  oaeh  fraquaney.  Ttoaa  am  tto  only  panel  wiraa 
wlOil.S'aacdena.  andttarafoi«atow8iaoiatlaalGtonoatet«manConflgurallon1  and  Conllgumtlon  2. 
NotattoehangakiwHadlamalar  la  dearly  aaan  Hi  tto  dma  far  Conflguratlen  l.  The  roaulta  Indioala  Ota 
Ctorga  danady  la  alioMly  laaa  adran  only  r  wHaa  ara  uaad.  Hi  ito  gnpna,  tto  data  It  pMtad  tlong  Um 
wHoa  flam  Ito  mUdk  tawar  to  tto  outer  Icwar.  SHniiar  rtauaa  ware  oMaHiad  for  tto  wlfca  axianding 
tom  Ito  mMdla  tawar  to  Ito  oartar  tower. 
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OKAOieNr  CALCULATMNe 


71m  autiaoK  iltclflc  IMd,  or  gndiant,  on  a  oonduSor  Mamtntt  wlMtlMr  or  not  corona  will 
occur.  For  tliliraMCM.llii  an  impeitanlparaRMlar  to  eomldarwlMn  working  iwHh  high  vcRagocmonnas 
■kaCuUar.  In  Mkcaaa.lMgwIiM  can  ba  uaado  aaocntho  impact  of  raplaeing  the  1.5*  wtiaawMM* 
wiiM.  Acowdlng  to  (4|.  *>•  maMmum  aiowaPH  gradiani  to  avoid  oorona  for  the  Cutlor  antonne  W  .5 
kV/mm.  TiMtaforo,  if  mo  maxfmtim  gradiofll  on  the  1*  ratfocamont  wiiaa  axoaoda  thia  limit  thay  will  not 
maal  tha  daalgn  raqubamant 


For  a  eyiindrtcal  oonduolor,  tha  giadlani  can  ba  caleulatad  Item. 


ZWEof 


(1) 


wbara  b  tha  Inaar  charga  damlly  in  eoulomba  pw  malar,  Is  tha  ponnltllvity  of  fiaa  space,  and  r  Is 
tharadiua.  Examlnalian  of  Figuraa  4  and  8  sbowa  that  tha  maxfmum  charge  danaily  par  amp  occurs  on 
thaoutafa*a<»t  eriW)atma  mnar  tower  eennaaioo.  Multlplyiag  these  chaige  values  by  tha  maximum 
anianns  input  currant  and  luiMlilutloo  into  <t)  yiaids  the  maxIman  gradlsnt.  The  maximuni  antenna 
base  ourranta  f^  for  abiola  ariay  oponlion  aia  247T  A  at  17.8  kHz,  and  2030  A  at  34  kHz  [3].  Using 
thaaa  curronis,  me  maximum  top-hal  gradients  tor  aach  configuration  are  calculated  and  shown  In  Table 
2 


71m  vatUky  of  tha  NEC4  data  was  chaefcad  by  comparing  the  resutts  with  gradlanls  calculated 
from  maaauratiMMi.  TIm  nMasuromarts  wars  taken  during  a  modal  study  of  tha  antenna  using  a  100:1 
acala  model  (4).  Tha  modat  data  todudas  dw  currant  dialilbulion  on  tha  outer  patMl  wires,  which  can  be 
used  wMh  (1)  to  eatoulate  tha  gradlem. 

To  etoculaia  the  gradiani  (tom  bw  maasuramanis,  tha  charge  density  must  ba  darivad  from  the 
currant  dtsitlbution.  From  the  continuity  aquation,  tha  Hnaar  charge  density  along  a  vdre  is  related  to  the 
stops  of  the  current  dMiibulton  by, 

Qr-a*|«E  ® 


91. 


aOrwu 

dL  ’ 


1.^ 

«aL 


(3) 


where  O,^  is  Am  total  charge  on  tha  wirabayond  a  ghran  point,  w  is  tha  radian  hequancy.  and  is  I 
inaar  charge  dansMy  at  the  poinL  Bubatoutlng  <3)  tow  (1)  givas. 


E.. 


JL 


4x*aofrflt- 


(4) 


edwra  f,  is  gw  aurla  'a  ataobto  field  <f.a..  ow  gradiani)  on  Am  wire.  Equation  (4)  is  a  maximum  whan  tha 
stopa  of  the  current  dtattbubon  is  a  maximum.  From  (4],  fiw  maximum  stops  of  the  measured  currem 
dtoUlbutton  is  O.iHib  mAAn  par  Amp  of  kipul  current.  Thsretore,  sribslitulion  imo  (4)  gtvas  an  aquation 
tor  the  maximum  surtaoe  gradtonl  as  u  luneiton  dw  antenna  bass  currant  1^ 

^  0  0296x70-’/. 
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Maamrad  input  currants  for  vanoia  configunllons  of  Hw  aMnima  nxMal  arc  found  in  [3], 
including  maxanum  oaranta  tar  l.r  and  1.$“  wtraa  at  aavaral  fraquaneiaa.  SubattuUng  ttw  currants  inta 
(5)  raaultad  in  ttw  curvas  anown  in  Figura  6.  Ttw  gnpli  Gornparas  ttw  nwaaurad  data  with  tha  NEC4 
raaulls.  Tha  agraanwnt  batwaan  irw  two  is  raiy  good,  with  ttw  NEC4  valuas  falling  within  1IM  of  tha 
nwaauraiTwnts.  Nota  that  both  the  NEC4  data  and  tha  nwaaurad  data  Indicate  1.0*  wires  on  ttw  outer 
panal  are  unaocapiable  for  oparation  at  17.8  kHz.  as  tha  gradient  in  this  case  a:icaads  tha  0.8  kV/mm 
design  limit. 


raOUicNCVikHt) 

Figura  8.  Measured  and  calculalad  maximum  top-hat  gradient  for  the  Cutler  antarma. 
SUMIMAIty 

The  rasuts  of  this  work  help  damonstreta  NECd's  abiUly  to  coraplamam  the  antenna  design 
prooaus.  In  this  particular  caw,  H  was  shoam  NEC4  can  be  used  to  avakiala  proposed  changes  to  the 
Navy^  Cutter,  Maine  VLF  topdoaded  monopoia.  Charge  data  from  NEC4  was  used  to  catculala  the 
maximum  top-hat  giadiant  for  tha  antanna.  The  compuled  nsulls  agree  very  wall  with  measured  model 
data.  Both  data  eats  kidicata  the  gradienl  on  tha  1.0*  weasaxcaads  die  maximum  design  timllnesdad  to 
avoid  GOitma  at  17.8  kHz. 
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NEARLY  SEVEN  YEARS  OF  SUCCESS  USING  MININEC  FOR 
ANALYSC  AND  DESIGN  OF  STANDARD  BROADCAST  MEDIUM  WAVE 
AM  DlRECnONAL  ANIENNAS 

JAMBS  a  HATFIELD,  P  JB. 

HATFIELD  R  DAWSm  OONSULTINO  ENGINEERS 


INTRODUCTION 

In  the  Biiieteen  itctiei,  Robert  Smimu  mt  one  of  the  fint  contulthig  ndio  engineen  to  use 
computer  point  nk'tching  techniques  based  on  HiBen’s  integral  equatkms  to  anal3nEe  broadcut 
antenna  behavior,  la  sncceeding  decades  Grant  Bingenan,  Jeiiy  Westbeig,  Stan  Kubina,  CM. 
Royer,  Dave  Pinion  and  others  apjdied  various  moment  method  programs  to  the  analysis  of  AM 
standard  broadcast  directional  smtennas.  %  the  end  of  the  nineteen  eighties  NEC,  MININEC 
and  a  program  hum  Ohio  State  Univenity  were  in  common  use  for  AM  antenna  analysis. 

Consulting  cngiiieers  such  at  this  writer,  Ron  Rackky  and  Karl  Lahm  (now  at  VOA)  have  used 
MININEC  since  the  mid  nineteen  righties  ftr  the  analysis  and  SKljustment  CWe  up”)  of  AM 
directional  antennas.  Advantages  that  MININEC  oSeis  for  modeling  medium  wave  monoptries 
over  radial  wire  ground  sereens  are  ea.te  of  use,  the  centering  of  curreiit  pulses  on  segment 
junctions,  and  greater  accuracy  abrupt  radius  nansitjons.  CoexI  agreement  with 

measured  and  FOC  computed  fiv  field  pattens  is  achieved  with  MININEC  using  just  seven 
segments  per  radiator.  E^iience  impedance  turves  can  be  duplicated  with  a  reasonable  margin 
of  error  if  the  base  region  of  the  tower  is  modeled  in  detail  and  an  impedance  correction  is  added 
to  the  computed  results.  Near  electric  and  magnetic  field  human  etponiie  fiom  AM  towers  can 
also  be  computed  usmg  MININEC  if  the  modeling  is  perfonned  carefully.  RF  shock  hazard 
estimates  for  workers  on  de-enetgiaed  power  hnea  and  coctainer  kauling  cranes  near  AM  stations 
have  been  computed  using  MININEC.  Conversely  the  eCtci>s  of  power  lines  and  cranes  upon 
AM  directional  antenna  patterns  and  Federal  Communicaticins  Commission  (FCC)  mandated 
monitor  paints  have  been  computed  using  the  near  field  ptovisionf  of  MININEC 


ADJUSTING  AM  DKECnONAL  ANTENNAS 

FCC  directional  antenna  pattern  computations  ate  based  upon  point  sources  and  parallet  ray 
geometry  (See  Hgute  One).  The  design  tpeciScatiom  used  to  dcKmine  pattern  shape  include 
the  relative  oonRibution  to  the  -far  field  of  each  radiator  in  terms  of  the  field  ratio  and  phase  r  f 
the  radiation  burn  each  point  source.  Since  the  horizontal  plane  for  field  of  each  radiate;,  in 
millivolts  per  merer  at  one  Kilmneter,  is  120)r/A  times  the  total  current  moment  of  the  radiator 
the  relative  contnbution  or  each  ndiaior  to  the  for  field  is  found  by  taking  the  ratios  of  the  total 
current  moments  of  the  radiators.  The  MININEC  drive  voltages  for  a  given  set  of  FCC  design 
parameters  can  be  found  by  inverting  a  mairn  wheae  constants,  derived  from  MININEC 
computations,  relate  the  dri^  voltages  to  the  for  fields.  The  FCC  requires  that  directional 
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antenna  peifonnance  be  monitored.  Thii  is  accomplished  by  measuring  the  relative  magnitude 
and  phase  of  the  tower  currents,  usually  at  the  base.  The  matrix  inversion  proces.*  produces  the 
volta^  drives  that  can  be  used  to  compute  the  base  currents  and  phases  for  a  given  set  of  field 
ratios  and  phases. 

The  computed  base  current  values  are  used  to  adjust  directional  antetmas.  After  the  adjustments 
have  been  made  ground  level  measurements  are  petfonned  along  radials  extending  30  lUlometers 
firom  the  center  of  the  umy.  These  measurements  are  used  to  prove  that  the  directional  pattern 
is  within  the  limits  prescribed  far  it  by  the  FOC 

Over  the  years  we  have  adjusted  or  asshted  others  in  adjusting  nearly  100  directional  antennas 
using  the  MININEC  /  matrix  inversion  tedmique.  In  all  but  two  of  the  adjustments  the 
measurements  verified  the  accuracy  at  the  prooethire.  In  both  of  the  exceptions  the  hormontal 
plane  field  was  perturbed  by  nearby  seatterers.  In  one  ease  there  was  re-radiation  firom  nearby 
office  buikliags  and  in  the  other  case  there  were  terrain  irregularitiet.  In  those  shuations  it  was 
less  eqjenstve  and  time  ennsitming  to  ati^utt  the  array  by  trial  and  error  than  it  was  to  model 
complex  objects  in  the  environment  in  order  to  account  for  their  effects. 

Most  AM  directional  antetmas  are  used  to  control  signwave  radiation  at  night  at  some  angle  above 
thehorizoQ.  The  atynstment  of  arrays  so  that  hotitontal  plane  measurements  can  be  made  in  the 
presence  of  re-radiating  or  scattering  oiyects  to  show  the  proper  pattern  can  have  a  deleterious 
effect  upon  the  performance  of  the  antemia  array  at  a  veriical  angle.  Less  interference  would 
therefare  be  caused  by  simply  adjusting  the  array  to  base  current  parameters  based  upon  method 
of  moments  computatioiu  and  not  worrying  about  making  accurate  horizontal  plane 
measurements.  SuA  a  proposal  is  now  before  the  FCC 


DE-TTINING  AM  TOWERS 

If  one  sets  the  field  ratio  of  a  tower  to  zero  and  then  follows  the  procedure  outlined  above,  the 
computed  drive  voltage  far  that  tower  wfil  resuh  in  current  moments  that  sum  to  zero  for  that 
tower,  or  at  least  to  a  value  five  or  six  orders  of  magnitude  below  the  reference  tower.  The 
computed  currents  for  the  array  and  the  de-tuned  tower  will  show  an  active  base  impedance  with 
a  resistive  component  that  is  usually  a  few  percent  of  the  reactive  component  Thh  means  that 
the  CDiijugate  of  the  reactance  can  be  app^  to  the  base  of  the  tower  for  de-tuning  purposes. 
This  impedance  should  be  trimmed  by  measuring  the  eariem  mmimum  at  the  height  where  the 
phase  reversal  in  the  oomputed  cunent  distribution  occurs.  The  base  reactance  is  then  adjusted 
for  a  mininium  readmg. 

Since  the  de-tunmg  prooess  reduces  the  field  in  the  horizontal  plane  where  field  strength 
measurements  are  m^  the  radiation  at  vertical  angles  increases.  For  nightifaic  operation  foe 
horizontal  plane  pattern  is  therefore  within  limits  while  the  veitical  angle  ndiation  increases 
potentially  creating  greater  skywave  inteiferenee  (See  Figure  Two).  For  this  reason  de-tuning 
unused  towers  in  a  nightttme  array  is  not  necesutily  a  good  idea. 
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MITIGATING  RADIO  TOWER  /  POWER  UNE  INTERACTIONS 


It  Munetiine*  happen*  that  po««r  Unet  are  cooitnicted  near  oostiiig  AM  directiona)  amys.  If 
the  power  pole*  or  towers  are  30  nseten  cr  more  tan  their  re-radiation  and  nnitual  coupling 
effects  can  distort  the  far  field  pattern  of  the  station.  Addhional  probtenu  are  created  when  there 
is  a  "skywire"  or  'shield*  wire  running  along  the  tops  of  the  poles  for  lightning  protection  and 
electricaUy  connected  to  the  poles.  The  pole*  and  toecn  used  for  power  transmission  usually 
provide  a  conductive  path  to  ground.  The  RF  current  flowing  in  the  loops  thus  created  causes 
dhectianal  antenna  pstctemdimrtion.  The  toeteituNd  to  measur  e  the  AM  sudons  field*  employ 
shielded  loop  antennas  to  measure  the  magpietk  field  conpoDem  of  the  traasmitted  wave.  Since 
the  electric  field  h  the  desired  measurement  parameter,  the  magnetic  field  magnitude  is 
multiplied  by  the  impedasHe  of  free  space  and  depicted  on  the  meter  face  in  terms  of  electric 
field.  When  measiiteDents  ate  made  within  the  near  field  of  the  RF  currenu  drculating  in  the 
loop  created  by  the  power  line  erroneous  readings  result  This  effect  can  be  predicted  using  the 
near  magnetic  field  computation  of  MININEC  Re-adjustmem  of  the  array  can  then  be  made 
based  upon  MININEC  computations  so  that  the  FCC  monitoring  points  near  the  power  line  are 
brought  into  tolerance  vdiile  arrangements  are  being  made  to  either  de-tune  the  power  poles  or 
float  the  'skywire*. 


When  electric  power  transmission  fines  ate  in  close  prodmity  to  AM  radio  towers  serious  RF 
shock  hazard  to  electric  utility  linecrews  can  resuh.  In  one  instance  two  AM  towers  were  located 
near  a  150  KV  line.  One  of  the  towers  was  only  23  meten  from  the  line.  Several  instances  of 
RF  bums  were  reported  to  the  utility  safety  officer.  The  work  crane,  power  line,  arid  power  poles 
were  modeled  in  a  simplified  schematic  fashion.  Computations  of  the  RF  current  that  flows 
through  an  equivalent  human  impedance  at  the  crane  vvork  platform  at  various  locations  were 
made  to  determine  the  potential  shock  hazard. 

AM  TOWER  BASE  IMPEDANCE 

The  measurements  and  computations  of  R.W.P.  King  and  other  academic  worken  are  usually 
used  to  benchmark  ametma  impedances  computed  by  moment  method  programs.  The  center 
conductor  of  a  coaxial  cable  poked  through  a  sheet  of  copper,  used  by  King  and  othen  as  a 
model  for  computation*  and  measutcinents  of  a  monopole  over  a  grotmd  plane,  is  not  the  same 
as  a  base  insalated  tower  fed  by  a  horizontal  half  inch  pipe.  When  the  base  capacitance  and  the 
radius  disjuiiction  between  the  base  and  the  feed  fine  are  carefully  modelled  (See  Figure  Three) 
the  base  impedance  given  by  MININEC  is  much  closer  to  the  measured  impedance  of  the  qrpical 
AM  tower.  The  match  betvreen  the  computed  vahiet  and  the  cnrves  show^  the  measured  base 
impedance  for  towen  of  various  he^ts  is  improved  when  one  adds  a  correction  of  5  j43  Ohms 
to  all  computed  values  (See  Figure  Four). 


COMPUTING  BANDWIDTH 

Programs  such  as  WCAP  (a  specialized  program  similar  to  SPICE  written  for  the  analysis  of 
duecdonal  antennas  and  their  feed  circuiny)  can  be  used  for  dynamic  modeling  of  the 
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combination  of  the  (Uracdonal  antenna  and  its  feed  qKtem.  The  beqtiency  response  of  the 
transmitted  signal  can  be  determined  in  this  manner.  MININEC  can  be  used  to  compute  the  self 
and  mutual  admittanoes  for  the  antenna  amy  over  a  specified  range  of  frequencies.  This  is  useful 
for  determining  why  a  station's  sourrd  quality  varies  in  ditferent  directiom  in  a  directional  pattern. 


RF  HAZARD  COMPUTATIONS 

The  FOC  requires  a  showing  frotn  licensees  that  the  provisions  of  ANSI  C9S.1-1982  SudnllBC 
met  MININEC  can  be  used  for  this  purpose,  but  its  aceutaqr  decreases  as  one  approaches  the 

tower.  The  electric  and  magnetic  near  field  computations  provided  by  MININEC  are  useful  if 
one  is  careful  to  ehedc  for  convergenee.  Seven  seg^nents  per  wire  gives  a  lumpy  and  unrealistic 
result.  Hfly  segments  show  a  computed  field  that  va^  smoothly  with  dhtance  and  is  a 
reasonable  approarimation  of  measured  values.  Figure  Five  shows  the  computed  near  fields  with 
a  measured  data  point  far  compaiisort.  Figure  Five  abo  ihows  the  eAct  of  msuffiden' 
segmematlon  upon  aoeuta^.  RkTell,  Bob  CiMland  of  the  FCC,  and  Ed  Mantiply  of  the  EP;v 
htve  eiqilored  thir  itnie  in  several  papers. 


NIGHTTIME  INTERFERENCE 

The  method  that  has  been  used  for  FCC  purposes  since  the  nineteen  thirties  to  compute  vertical 
angle  radiation  from  AM  towers  utiliaes  simpic  tiigonometiic  functions  to  represent  tower  current 
dittributknis.  The  impact  of  mutual  couplmg  between  towets  upon  the  current  distribution  is 
ignored  in  these  crjculatioos.  Nighttime  interference  can  be  affected  by  inaccurate  computatiom 
of  the  antenna  cunem  disttibutions  since  the  vertical  angle  radiation,  computed  from  the  current 
dhtributian,  contributes  to  the  ^joeesed  covenge  e  station  provides  at  night  due  to  skywave 
propagation.  The  vertical  angle  fields  coaqnited  usi^  the  more  realistic  MININEC  currMt 
dhtrhutioiis  provide  a  mote  accurate  picture  of  potential  sl^wave  mterference  (See  Figure  Six). 

NF>iR  nELD  COMPUTATIONS  AND  MEASUREMENTS  OF  ARRAY  PERFORMANCE 

In  order  to  provide  periomiance  verificatioa  fafarmaiian  far  an  array  that  is  located  at  the 
shoreline  ct  a  tropical  ishnd.  Ron  RacUey  and  Ben  Dewion  used  the  newfield  camputation 
feature  of  MININEC  to  calculate  magnetic  field  valnet  fiir  specified  locetions  very  close  to  the 
etrsy.  Measatements  e«ie  made  at  these  locations  uring  a  ctaiveaUoul  magn^  field  intensity 
meter  desensitised  by  shorting  the  loop  antenns  shield.  The  meter,  with  the  shield  shotte>:^  was 
then  cahlmted  in  a  anown  fleU.  The  same  MININEC  model  that  was  used  for  ainy  pattern, 
current  distributian,  and  impedanee  calculations  predicted  near  magnetic  fields  that  agreed  with 
meisured  values  to  better  than  2%  accuracy.  The  data  provided  this  technique  was  used  to 
demonstrate  proper  opetation  ol  the  antenna  system  despite  the  fact  that  complete  far  field 
measurements  were  virtually  impossible  due  to  open  ocean  on  one  side  of  the  amy,  and  dense 
roadless  tropical  jungle  on  the  other. 
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CONCLUSION 


Programs  like  NEC  ukI  MININEC  have  enabled  the  piaciidng  radio  engmeer  to  analyze 
antennas  in  new  ways  to  solve  problems  for  which  there  was  previously  no  exact  solution.  For 
AM  medium  wave  directional  antennas  this  means  that  the  effects  of  coupling  between  antenna 
elements  upon  the  antenna  currem  distributions  can  be  included  in  the  design  and  analysis 
process  and  predte  relationships  between  antenna  currents  and  radiated  fields  can  be  computed. 
Directional  anteniu  adjustment  and  pattern  vetifieatian  based  upon  NEC  atul  MINEs^C 
computttionx  hu  been  suceestfully  perfonned  for  hundreds  of  AM  arrays  all  over  the  world  by 
a  cadre  of  international  radio  engineess.  These  programs  have  also  been  helpful  for  the  analysis 
of  the  interactions  of  radio  towers  whh  cranes  and  power  lines  and  the  human  exposure  to 
electromagnetic  fields.  Newer  vetsioas  of  NEC  and  MININEC,  such  as  NEC4,  VLF-t-,  and 
MININEC  Professional  aave  the  potential  to  help  engineets  anal^  finer  structures  in  greater 
detail  with  higher  accuracy. 

The  FCC  is  currently  imtestigating  whether  its  Rules  ffc  Regulations  regarding  AM  pattern 
verification  should  be  updated  to  include  numerical  electromagnetic  modeling  techniques.  The 
burden  and  expense  of  detailed  measurement  and  data  analysis  could  be  replaced  in  the  future 
by  stricter  requirements  for  antenna  current  or  voltage  monitaring  and  computations  using  NEC, 
MININEC  or  other  moment  method  computer  piogiams. 

We  have  finally  reached  the  point  where  simplified  directional  AM  antenna  pattern  analysis  based 
upon  trigonometric  functions  is  about  to  be  replaced  by  mote  exact  moment  method  techniques. 
A  further  benefit  of  this  change  will  be  the  ability  for  the  AM  radio  engineer  to  analyze  complex 
electromagnetic  enviromncnts  using  a  desk  top  computer.  The  responsibility  incurred  through  use 
of  these  programs  will  be  to  ahwtiys  check  for  stability  and  convergence  in  the  computed  results 
and  to  verify  that  the  results  agree  with  measured  data. 
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COMPARISON  or  vertical  ANaE  AM  FIELD 
FROM  A  0.6  wavelength  TOWER  AS  COMPUTED 
BY  FCC  methods  and  UININEC 


ANALYSIS  OF  AIRBORN2  ANTENNAS 
WITH  THE  ESP,  NEC-BSC,  AND  NEW-AIR  CODES 


B  V  Andaruon,  A  Johansson,  U  Lidvall,  T  Lundin 
CoBununicatar  CEC  AB 
PO  Box  1310,  S-17125  Solna 
Sweden 


1  Abstract 

Radar  and  oommunication  antajia  systems  on  an  AEW-aircraft  have  been 
analysad  widi  dtc  use  of  the  ESP,  NK-BSC,  and  NEW-AIR  computer 
Dragrams. 

Antnna  oatteni  coverage  and  antenna  to  antenna  coupling  have  been 
oomputeo  taUng  die  complex  enviioninent  of  the  antennas  into  accoxmt 
Calculated  antenna  pattems  have  been  compared  to  measured  data. 


2  IntioduetioB 

On  modem  airbonM  early  warning  (AEW)  platforms  it  is  important  to  have 
radar  and  communication  antenna  functions  with  the  required  pattern 
coverage>  aiddobe  diancteiistics,  and  anteniM  to  antenna  isolation.  Several 
systems  with  aimultanaous  operation  ate  neoessay  in  order  to  fulfil  the 
AEW-task.  Generally  a  large  number  of  antennas  nave  to  be  integrated  on 
die  airoaft  carrying  the  ACW-radar. 

It  is  important  to  have  die  capability  to  analyse  and  access  the  performance 
of  amenu  •ystema  and  comoiiuitions  of  antenna  systems,  including  their 
oampkx  environment,  in  cariy  devdopinent  phases,  dvuing  system 
dcv&q«ient,  and  in  test  guises  of  a  Inject  to  accomplish  a  balanced 
deeign  widi  die  best  overall  performarue.  Ihe  ewabiuty  to  analyse 
antannas  fai  dieir  true  envinmment  makes  it  poswle  to  evaluate  their 
bifluenoe  on  system  performance  and  to  investigate  modifications  and 
Lrqirovements. 

For  diis  adequate  oomputxtiooal  tools  are  required.  Such  tools  are  the 
computer  codes  ESP,  NEC-BSC,  and  NEW-AIR,  developed  at  The  Ohio 
State  University,  ElectrcScienoe  Laboratory.  ESP,  based  on  the  method  of 
moments  (MoM),  can  be  used  for  die  low  nequencY  problems  and  NEC- 
BSC  and  NEW-AJDR,  based  on  ray  methods  (UTD),  can  be  used  for  the  high 
frequency  analysis. 

This  paper  presents  results  from  the  analysis  of  radar  and  communication 
antennas  on  an  AEW-aircraft  using  these  codes.  Antenna  patterns  and 
antenna  to  antenna  coupling  have  been  computed 
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3  Analysis  of  a  radar  antenna  on  mAEW-aiicnft 

3.1  Model 

Alternative  antenna  anansements  for  an  AEW-^tem,  1,  have  been 
studied.  The  influence  of  cufferent  carrier  aircraft  ( SAAB  340,  Fairchild 
METRO  C26 )  on  the  perfbnnanoe  of  a  dorsal  radar  antenna  have  been 
investigated  widi  theNEC-BSC  code.  One  of  the  two  side  looking  array 
antennas  is  modeiled  as  an  array  aperture.  The  aircraft  model  is  btiilt  with 
PEC  ellipsoids,  ooites,  cyiinders,  and  flat  plates  as  shown  in  fig.  2. 


3^  Computed  radiation  pattern 

The  radiation  function  for  one  side  looking  array  antenna  has  been 
calculated  with  NEC-BSC  at  S-hand.  An  a^utn  radiation  pattern,  4” 
below  the  horizontal  plane,  for  an  ideal  array  aperture  is  shown  in  fig. 
The  main  structural  (Faird^  METltO  C26)  scattering  contributions  to 
side  lobe  levdi  emanate  from  the  wing,  the  engine,  and  the  propeller 
blades. 


Nok  Azinrath  Tail 


Fig.3  CtlaihM azimuth Mow tiiekaruon, with NEC-BSC far 
thtJarM  rEiermttnmttS-bmi.Carritralrcn^FairchiUMErROC2S 

4  Analysis  of  communication  antennas  on  an  AEW-airciaft 

4.1  Modd 

The  AEW-ainaaft  of  fig.  1  is  modelled  with  PEC  plates  as  shown  i  fig.  4  for 
the  calculation  of  communication  antenna  patterns  with  the  ESP-co&  The 
model  of  fig.  4  has  also  been  used  for  file  caiculation  of  file  coupling 
between  three  antenna  pairs.  The  communication  antennas  are  modelled  as 
monopoles  on  a  ground  plane. 

4.2  Computed  radiation  patterns 

The  radiation  functian  for  an  antenna  at  postion  A2  in  fig.  1  has  been 
computed  with  ESP  at  130  MHz.  Hg.  5  shows  a  calculated  azimuth  pattern 
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and  a  corresponding  measured  pattern  from  scale  model  measunonenls.  In 
diis  case  no  dorsal  unit  was  present  on  the  airaaft  Very  good  agreement 
between  calculated  and  measured  patterns  can  be  observed.  A  computed 
coyetage  pattern  as  function  of  azimuth  and  devadan  for  the  A3  anteiuta 
with  lltt  aonal  radar  unit  on  the  aircraft  is  shown  in  fig.  6. 


Fig.  4  P£C  plaU  moitl  of  AEW-oiratfl  (SAAB  3401  for  ESP-aiufysii  of  communication 
tutapiea 


Fig.5  Calculated  and  mtetuniazimuSfpatIcmt  with  ESP  for  eonomadcation  antenna 
A2  at  130  MHz.  No  doraal  radar  unH  OH  the  carrier  aacnfL 
Calrulated —  .Measured - 
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Fif.i  C^etiltitdcaoiregepetttmwltfiESPforcBimmaiicBtiontntomaA3 
«>  130  MKt.  Tik  clonal  raiir  unit  plaecd  m  ih<  carrier  aircn^. 
Azbnvth  O',  tUetHon  O*tonmpoiid»  to  tilt  forward  Unction. 


Tne  oovertge  Pattern  for  an  antenna  atposltion  AS,  fig.  1,  has  been 
alci^tad  at  UHF*band  with  N^/-A1R  as  sham  >n  Qg>  npdel  for 


0  23  30  W  100  125  130  175  iltomft 


Fig-  7  CampuUd  axxaagepaitem  wiSi  NEW-AJXfi/rmantemui  at  position  AS  (fig.  i) 
on  UHF-kmd.  Aiimulfi  O',  deoation  (T  corresponds  to  Ote  forward  direction. 
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0  5  10  IS  23  2S  30  Mtanlii  150  155  UO  MS  170  ITS  180 

Fig.S  CombbitdeaoaugepaittmfartiitthmmiliiaiatttpetiliMAl.AS, 
and  A3  <fig.  1)  anityitd  wHk  NEW-AIR  at  UHF-tani 
AzbnuOi  S',  ileBalim  O' earmpondsle  At  forward  iinetien. 

43  Computed  antenna  coupling 

Tlie  coupling  between  antennas  at  position  A4,  A6,  A7,  and  AS  (fig.  1)  has 
been  calculated  wifii  ESP  over  the  uequency  band  1 00-250  MHz  as  shown 
in  fig.  9.  The  coupling  has  also  been  calculated  for  the  same  antenna  pairs 


Fig.S  ComputedmaBnmmeouplingbetwttnAmmittnmpainmAESPmtkeband 
100-2SOMlIzandwitkNBW-AlRinihtband250-650MHz 
AntjioiAitoAS — ,  antjrosAitoA7  — ,  antposiMtpi4S-.-.- 
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and  frequendas  250-650  MHz  vdth  NEW-AIR  C^.  9).  The  aeeement 
between  the  results  for  the  ESP  and  the  NEW-AIR  computations  at  the 
transition  frequency  250  MHz  is  very  good. 


5  Condtuions 

Airbome  radar  and  communication  antennas  have  been  analysed  using  the 
ESP,  NEC-BSC  and  NEW-AIR  computer  codes.  Antenna  radiation  patterns 
and  antenna  to  antenna  coupling  have  been  calculated. 

These  computer  programs  have  been  shown  to  be  useful  tools  in  all  phases 
of  devdcfnnent  of  communication  and  radar  systems.  The  performance  of 
anteiuia  systems  including  the  influence  of  their  complex  environment  can 
be  calculated.  The  computer  codes  have  proven  to  be  useful  vdtenmany 
systems  are  integrated  on  one  platform  and  the  goal  is  to  adiieve  a 
balanced  design  with  die  best  over  all  perfbnnarux. 
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a-<0  UlieoptMT  latasMk  VlAoaauit  Bvslnatloni 
■■pariMatal  aad  nc-HC  Kaaalta 


J.  M.  HaxTla  and  M.  L.  Whaalar 

Oaorgia  Tach  Kaaaarefa  Xnnltuta 
Oaorgla  Inatituta  of  Taotanelogy 
Sansora  and  llaetrenagnatioa  Applications  Laboratory 
Atlanta,  Oaorgia  30333 


This  papar  prasants  tha  datails  of  an  antanna  placaaant  avaluation 
that  was  pwfomad  for  tha  RR/MB-C06  PAYS  HAMK  halicoptar.  Tha  antenna 
systaa  is  part  of  tha  AM/AltS-O  Lightweight  Airboma  Racovary  Systaa 
(LAM)  and  consists  of  two  blade  antennas  nountod  on  tha  undersida  of 
tha  halicoptar  fusalaga,  Tha  antanna  outputs  era  supplied  to  a' 
conbinar  network  that  inroducas  tbs  son  (S)  and  diffarsnea  (A)  patterns 
used  by  tha  LAM  for  dlractim  finding.  Tha  antanna  I  pattern  is 
dstarainad  for  two  available  locations  on  tha  underside  of  tha  fusalaga 
using  two  nathods:  scale  nodal  antanna  naai urananta,  and  eonputar 
aodaling.  Tha  physical  nodal  of  tha  pradoninant  faaturas  of  tha 
halieoptar  undaraida  and  nose  was  construotad  at  1/4  scale.  The 
coagnitar  nodal  waa  construetod  using  ths  Nunsrieal  Xlaetroaagnaties 
Code  -  Male  Scattering  coda  (MC-BSC)  with  source  distributions 
dsrivad  fren  tha  Hunsrical  Blactronagnoties  Cods  -  Method  of  Monants 
(incc-MOK) .  To  ovareona  nxc^bsc  linitations,  aovaral  analytical  aodels 
wara  constructed  and  the  results  wars  conbinad  to  fom  coaposita 
antanna  nattama  to  conpare  to  the  naasuranants  on  tha  physical  Rodel. 
The  Msite  and  naasurad  psttams  eonpared  vary  well  with  tha 
ant.^ni._a  locatad  furthar  than  one  wavelength  fron  any  scattering 
atruetura.  Howavar,  tha  pattsens  wara  significantly  diffarant  with  tha 
antennas  located  within  one  wavalangth  of  a  scattering  structure. 


JwnaBQenxtm 

The  placaaant  of  antennas  for  a  new  systsn  on  an  aircraft  can  ba 
a  difficult  task,  lbs  antennas  nust  ba  placed  in  an  araa  whara  they 
will  provide  aaxiaus  parfomanes  for  tbs  systaa  while  alninlsing 
parfomanee  degradation  to  and  fron  axlsting  aystsas.  often,  existing 
structures  or  antennas  linit  tha  nuabar  of  suitable  locations  for 
nounting  tha  new  antennas.  These  liaitatlons  can  degrade  the 
parfon»«nco  ihe  new  antennas  and  their  assoc latad  systaa. 
Th*"<'«.  ch'  aacnt  of  new  antennas  on  an  aircraft  requires  trada- 
ox  ts,  opti  ' .  fe  wystea  parforaance. 
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nta  RR/HH-COG  MVS  RANK  ballooptar  la  aquippad  with  various 
aaounleatloii,  navigation,  and  dofanaa  systaas  that  utilita  antannas 
■euntad  on  tha  tuaalaga.  in  addition,  tha  aatarior  of  tha  aircraft 
contains  lights,  sensors,  aeeass  doors,  and  other  structuras  that  limit 
tha  availabla  locations  Cor  a  naw  antanna  systsm.  Tha  Installation  of 
the  AN/AM-C  Lightweight  Airhoma  Raeovary  Systsm  (LARS)  on  tha  PAVE 
HARK  ragulras  that  two  hlada  antannas  ha  mountad  on  the  undaralda  of 
tha  fumalags.  Tha  UM  Is  a  ORP  Radio  aystam,  oparatlng  in  tha  ars-soo 
MBi  fraguaney  band,  nsad  to  loeata  and  dlract  tha  aircrew  to  downed 
aviators  aquippad  with  hand-hald  LARS  tsanapondars.  Tha  outputs  of  tha 
two  alreraft-BCiuntad  antannas  arm  provldad  to  a  eomblnar  network  that 
produuas  tha  sum  and  ditCaranee  patterns  uaad  hy  tha  LARS  to  perform 
direction  finding.  Par  optiaum  parfocmanca  tha  two  antannas  ara 
mounted  IS  Inetios  apart  on  a  line  orthogonal  to  tha  longitudinal  axis 
of  the  aircraft.  Tha  two  antannas  must  ha  mounted  as  far  forward  as 
possible  to  mlninlsa  fuselage  shading  in  tha  forward  direction. 

Piguro  1  shows  tha  imderslda  of  tha  PAVE  HARK.  Tha  space  for 
locating  tha  LARS  antannas  on  tha  underside  of  the  aircraft  is  limited. 
Por  this  reason  and  baeausa  of  the  raquirament  to  minlmice 
aleetrcm agnatic  intarfarsnea  (BU)  to  other  existing  aircraft  systems, 
the  pooslbla  loeatlohs  for  mounting  the  LARS  antannas  ware  reduced  to 
tha  two  shown  in  Flgura  l.  Tha  forward  location  is  labalad  PMD  and  the 
rear  location  is  labalad  ATT. 

Two  mathoda  ware  utlllaad  to  evaluate  the  performance  of  the  LARS 
antannas  at  tna  PRO  and  APT  locations.  First,  a  1/4  scale  modal  of  the 
forward  underside  of  tha  PAVE  HARE  helicopter  was  constructed.  This 
medal  was  aimplifisd  to  include  only  the  sealed  radius  of  curvature  of 
tha  aircraft  fusalaga  and  a  sealed  version  of  tha  am/AAq-16  Forward 
Looking  Infrared  <PLXR)  turret.  other  aircraft  features,  such  as 
lights  and  flush-mount  antannas,  wars  not  included  baoausa  they  were 
not  anpactod  (based  onginaaring  judgomant  and  exparienca)  to  have  a 
significant  affect  on  the  antanna  parfemanca.  This  simplification 
allowed  the  model  to  ba  constructed  and  tasted  quickly  while  producing 
scourata  antanna  parformanoa  data.  Sacondly,  a  eomputar  modal 
aquivalant  to  tha  al^lifiad  phyaical  modal  waa  conatruetad  ualng  tha 
Rumarieal  Uaetrcmagnatic  Coda  -  Sasic  scatter ing  Coda  (HEC-BSC)  [i]. 
Savsral  variations  of  the  ee^mter  medsl  ware  ovaluatod  to  identify  tha 
ona  that  provided  the  bast  prwdietion  of  antanna  parformanea  relative 
to  tha  sealed  modal  maasuramants. 
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Por  both  tho  physical  and  eosputar  sodal  tivaluatians ,  only  the 
antanna  alavatlon  pattaicr  along  tha  halicoptar  roll  axis  was 
cenaidarad.  This  approaoh  was  ehosan  bacauaa,  first,  tha  URS  is 
dasignad  as  a  hosing  systaa  to  diract  tha  aircraw  to  tha  survivor. 
Tharofora,  tho  priaary  diraetion  of  arrival  of  tha  signal  from  the 
survivor  radio  la  toward  tha  noaa  of  tha  aircraft.  secondly,  tha 
aircraft  will  fly  at  various  altitudes  dapanding  on  tha  threat 
anvirenaant  and  ether  factors.  Along  with  tha  aircraft's  noaa  down 
attituda  in  forward  flight  and  typical  ranga  llaitationa,  these 
altitudos  ooxTesj^nd  to  alavation  angles  froa  a  faw  dagraas  below 
horison  to  a  faw  dagraas  above  horlson.  Tharofora,  tne  parfoxranca  of 
tha  LARS  antanna  systoa  in  the  alavation  plana  is  aoat  iaportant. 


Tha  1/4  scale  nodal  of  the  forward  undarsida  of  the  pave  hamk 
included  tha  single  diaanaion  radius  of  curvature  and  tJt  'AAQ-16  flip 
turret  shown  in  Figure  2.  Tha  aealo  factor  was  priBar..y 

baeausa  of  tha  availability  of  higher  fraguency  blade  a-)V.e.-:"’tas  slailav 
in  oonstruotlcn  to  tha  IMS  blade  antennas  and  tha  t.. itan  sCse 
liaitations  of  tha  anacho.'.o  ohaabar  in  which  tha  anufuim  pattern 
aoasuroaents  ware  aada.  scaling  tha  aircraft  to  1/4  raqul^«a  that  the 
LARS  operating  fraquancy  ba  sealed  upward  by  a  factor  of  tour. 
Tharofora,  tha  LARS  aid-band  frequency  of  265  MHt  was  aultlpliad  by 
four  to  obtain  tha  1060  mt  test  frequency. 


TIm  fuaalag*  portion  of  tho  aodol  was  eonstructod  of  a  slngla 
■boat  of  altiailinui  teraad  on  a  wood  fcaas.  k  alngla  curvaturs  vaa 
eensldarad  auffloiant  for  avaluatlng  tha  alavation  plana  parfonaanca  of 
tho  lAM  antonnas.  Tho  FLlh  turrot  aodal  was  eonstructod  of  a 
cardboard  oyllndor  and  fraao  covarad  with  adhaslva-backad  alualnua 
foil.  Tha  FNO  and  im  poaltiona  tor  tha  antonnas  shown  In  Flgura  2 
eorraapond  to  tha  FWD  and  kn  positions  on  tho  alroraft  shown  in  Flgura 
1.  Tha  X  antanna  pattam  was  forawd  by  conbining  tha  two  antanna 
outputs  in  pbasa.  Tha  X  alavation  pattam  <ln  tha  X^t  Fiona)  was 
■aaaurad  In  an  anodMie  ehanbar.  Abaoluta  antanna  gain  aaasuroaonts, 
in  dll,  warn  obtainad  using  tha  aubatltutlon  nathod  of  noraalising  tha 
pattam  data  to  that  of  a  standard  gain  antanna  looatad  at  tha  j^aaa 
oantar  of  tha  antonnas  at  tho  FWD  and  AFT  positions. 

Flgura  3  is  a  plot  of  tha  X-Z  Plana  (alavation)  antanna  pattorna 
for  both  antanna  locationa.  (It  should  bo  notad  that  tha  nodal  la 
sountad  with  tha  fusalaga  undorsldo  facing  upward  to  sinplify  tha 
saasuroaonts.)  Thota  (•)  is  tha  angla  saasurad  fron  tha  posltiva  Z 
(vartieal)  Axis.  Tharafora,  0>90*  is  oquivalant  to  tha  horizon  with 
valuas  of  0>90  lialng  abova  horiaen  on  tha  actual  aircraft.  Tha  prinary 
obaarvation  fron  raviawing  tha  tast  data  is  that  tha  FUR  turret 
significantly  dacraaaas  tha  LARS  antanna  gain  whan  tha  antonnas  aro 
sountad  in  tha  FWS  location.  This  la  net  a  surprising  result  due  to 
tha  alia  of  tha  turrat  and  ita  oloaa  proxiaity  to  tho  antonnas  In  tha 
FMD  position.  Included  on  Flgura  3  ara  linas  showing  tha  peak  anvalope 
of  tha  two  patterns.  These  envelopes  ara  used  later  whan  coaparing  tho 
saasurad  data  to  tha  predicted  data. 


Theta  (dsgraas) 


Figaro  3.  hatassa  Pattaras  Rsasarad  ob  i/a  soaia  hedai 
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coMputar  aodaling  of  atnieturBa  for  nuaarieal  •laetroaagnatlc 
analyala  la  difficult  whan  tha  atruetura  dlhanslona  ara  on  tha  ordar  of 
only  a  faw  wavalan«tha.  Nhan  atrueturaa  hava  diaanalona  that  ara  larga 
ooaparad  to  a  wavalangtb,  thay  ean  ba  hodalad  affactlvaly  uaing  tha 
Plata  and  eyllndar  nodala  of  a  Oaonatric  Thaoty  of  Diffraction  (GTD) 
ooda  auoh  aa  MK-DSC.  nhan  tha  atruoturaa  arc  on  the  ordar  of  a 
wavalangth  or  maallar.  thay  ean  ba  aedalod  uaing  a  Method  of  Moaanta 
(NON)  c^a  auoh  aa  tha  Muaarieal  tlaetreaagnatiea  Coda  -  Nathod  of 
HoaMnta  (MIC-MCH)  ooda  (a],  in  mc-NON,  aelid  aurtaeoa  ara  aodalad 
using  wire  naah  grids.  Hoiiavar,  the  nusbar  of  wire  nssh  sagsants 
raquirad  by  we  MON  can  ba  axeaaaiva  whan  tha  atruetura  dinanaiona  ara 
aavaral  wavalangths.  HSC-MON  nodala  raguiring  larga  nuabara  of 
aagpants  raquira  significant  eeaqputing  capacity  and  tins.  For  the 
analysis  raportad  hara,  MIC-BSC  was  ehosan  bacausa  of  tha  aasa  of 
constructing  tha  aodal  and  tha  availability  of  sufficlant  eosputlng 
power  to  analyaa  tha  nodal. 

Tha  WC'-BSC  usar'a  sanual  (1)  lists  aavaral  atruetura  aica 
linitatlons  that  should  ba  obsarvad  to  obtain  aceurata  rasults.  Tha 
sanual  status  that  plats  sdgas  should  ba  at  laaat  ona  wavs length  long 
and  that  tha  najor  and  ainor  radii  of  an  alliptieal  cylinder  should  ba 
at  least  ona  wavelength.  In  addition,  tha  length  of  tha  cylinder 
should  be  at  laaat  one  wavelength.  Tha  nanual  also  states  that  all 
sources  should  ba  spaced  at  least  ona  wavelength  fron  a  plats  adga 
although  this  spacing  can  bo  radueod  to  ona-quartar  wavelength  for 
"anginaaring  evaluations.”  Tha  nodala  prasantod  hare  sat  those 
requirsaants  with  tha  oxcaption  of  tha  radius  and  length  of  the 
cylinder  used  to  nodal  the  IXIR  turret. 

The  first  KBC-BSC  nodal,  shown  in  Pigura  4,  consists  ci  a  flat 
rectangular  plata  taminatad  on  tha  surface  of  and  tangent  to  a  large 
cylinder.  A  snail  cylinder,  raprasentlng  the  PUR  turret,  is 
orthogonal  to  the  plate  and  intarsacts  tha  larga  cylinder  at  tha  sane 
point  as  tha  plate.  Tha  snail  cylinder  penetrates  tha  larga  cylinder 
to  a  depth  of  0.07  wavalangths  to  insure  that  tha  coda  eonaidsrs  than 
eonnoctod.  This  nodal  is  an  accurate  reprasantation  of  tha  physical 
1/4  aeala  nodal.  The  two  pairs  of  sourooa  shown  for  tha  niD  and  APT 
locations  (not  aodalad  concurrently)  ara  daflnad  to  hava  an  in-phasa 
oxeitatlon  with  a  half  dipola  radiation  pattern.  Tha  X-Z  Plana 
(alavatlon  plane)  pattarn  pradictod  by  NXC-BSC  for  tha  two  antanna 
locations  is  shewn  in  Pigura  5.  It  should  ba  noted  that  the  antanna 
aids  of  tha  flat  plate  used  to  nodal  the  fusalaga  underside  faces  along 
tha  positive  Z  Axis.  Therefore,  0»>0  ic  aquivalant  to  tha  horlson  and 
valuas  of  6>90*  represent  tha  antanna  response  above  tha  horlson  on  tha 
actual  aircraft. 

Tha  following  observations  ara  nada  concerning  the  X-Z  Plana 
pattern  shown  in  Pigura  5  for  tha  APT  antenna  location: 
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rigvM  4.  ne-MC  eyllaaac  uM  flat*  Modal 


TDMa  (dagraao) 


vigwo  s.  MK-Mc  X'S  Mloao  nttora  «f  too  cjliodor  ood  vioto  Kodoi 
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(1)  Tha  dlaoontinuity  at  t-Tl  ia  dua  to  tha  Inelualon  of 
raflaotlona  and  dlffraetlena  fraa  tha  turrat  oyilndar  at 
•>?■  .  For  6<7d*.  tha  pattarn  la  prlaarlXy  tha  dlraet  algnal 
froa  tha  aouroaa. 

(3)  Tha  dlaeontlnulty  at  to*  la  dua  to  tha  axolualo'*  of  tha 
dlraet  algnala  and  dlffraetlona/raflaetlona  froa  tha  turret 
eyllndar.  Tha  pattern  ter  *0  <0<xi3  la  dealnatod  by 
dltfraetlon  trea  tha  largo  eyllndar. 

(3)  For  tha  pattom  la  doalnatad  Hif  dlftraotlena  troa  tha 

flat  plate  edge  appeal to  tha  largo  eyllndar. 

Tha  following  ebaarvatlona  are  aada  eoneamlng  tha  X-f  Plane  pattern 
Bhown  In  Figure  S  for  tha  FWD  antanna  location) 

(1)  The  pattern  for  SS*<(d<go*  la  a  eeablnatlon  of  dlraet  raya  froa 
the  aouroaa  and  raflaetlona/dltfraetlona  fro*  tha  turret 
eyllndar. 

(3)  NKC-UC  pradlota  no  pattern  raaponaa  for  ao  <d<ll3  .  Howavor, 
If  tha  aouroaa  are  oevad  along  tha  flat  plate  away  froa  tha 
turrat  eyllndar  to  a  location  outaida  of  tha  radlua  of  tha 
largo  eyllndar.  MK-UC  will  ealoulata  tha  pattern.  An 
explanation  for  thla  anoaaly  eannet  ha  given  without  turthor 
invaatlgatlon. 

(3)  For  •>113*,  tha  pattom  la  doalnatad  by  dlftraetlona  froa  tha 
flat  plate  adgo  oppoolta  tha  largo  eyllndar. 

In  order  to  eonf Ira  the  pattern  raaponaaa  for  ><*0*  ter  tha  pm  and 
AFT  lecationa,  another  nodal  cenaiatlng  of  a  large  raetangular  flat 
plate  Intaraoetad  by  a  anall  eyllndar  mpraaantlng  tha  FXJIR  turrat  waa 
eenatruetad.  Aa  aaan  In  Figure  «,  the  leoatlen  of  tha  aouroaa  and  the 
turrat  ralatlvo  to  tha  aft  edge  of  the  largo  plate  are  Idantleal  to 
thoao  for  tha  nodal  ahown  In  Figure  4.  Tha  long  front  portion  of  tha 
flat  plate  affactlvalv  pravanta  front  adga  dlffraotlona  trom  dlatorting 
the  pattern  tor  0<t0  .  Tha  turrat  eyllndar  la  Inbaddad  In  tha  flat 
plate  to  a  auffielant  depth  to  Inaure  that  tha  eoda  eensldara  than 
connaetod.  Figuro  7  ahowa  tha  X-Z  Plano  antaiuia  pattama  prodietad  by 
mc^Bac  for  thla  nodal.  The  pattama  ter  0<*0  are  alaeat  idantleal  to 
theaa  ahown  In  Figure  s  tharaby  adding  eonfldanea  to  tha  prodietlona. 
The  pattama  for  •»0*  ahown  In  Figuro  7  ahould  bo  Ignored  dua  to  tha 
nodal  llnltationa. 

In  ardor  to  oenflm  tha  AFT  leoatlen  antenna  pattom  raaponaa  and 
dotamlno  tha  fmd  leoatlen  aiitaiina  pattern  raaponaa  for  •>90  ,  a  third 
nodal  waa  eenatruetad.  Thla  nodal,  ahown  in  Figure  a,  eenalata  of  a 
largo  oyilndar  Intaraoetad  by  a  anall  eyllndar  ropraaantlng  the  FUR 
turret.  The  turret  eyllndar  panatratoa  tha  largo  cylinder  to  a 
auffielant  depth  to  Inaura  that  the  oeda  oonaldara  than  oonnaetad.  Tha 
aourcea,  nodoled  aa  point  aeureaa  with  dipole  radiation  pattama,  are 
located  on  a  plana  tangent  to  tha  large  cylinder  at  tha  point  where  the 
turrat  cylinder  intamaeta  It.  The  long  flat  plate  extending  froa  the 
batten  of  tha  large  eyllndar  la  uaad  aa  a  baffle  to  prevent  aignala 
froa  diffracting  around  the  betton  of  the  largo  cylinder  and  dlatorting 


421 


422 


Viottr*  •.  nc-HS  T«e  eyXUAax  wMI  Mffla  »l«t*  HeCal 


th«  pattam  ratponaa  for  0>90  .  Plgura  9  ahowa  tha  X-z  Plana  antanna 
pattama  pradictad  by  hec-BSC  for  thia  aodal.  Mota  that  Mec-Bsc  doaa 
calculata  a  raaponaa  for  tha  PHD  location  tor  0>9o’.  Tha  roaponaa  for 
6>90*  ia  eonaidarad  a  raaaonabla  rapraaantatlon  of  tha  raaponaa  for  both 
tha  PHD  and  aft  antanna  locationa.  Tha  pattama  for  8<90*  ahovn  in 
Fiqura  9  can  ba  ignored  dua  to  tha  aodal  liaitationa. 

The  antanna  pattama  producad  by  NEC-BSC  using  singla  point 
aouroas  ara  tha  ralativa  E-Fiald  lavala  (in  dB)  and  not  tha  absoluta 
gain  lavala  (in  dBi)  raquirad  for  a  diraet  eonpariaon  to  tha  aaasurad 
antanna  pattam  data.  Tha  aathod  usad  to  datamina  tha  abaoluta  gains 
raguiras  that  tha  singla  point  souress  bo  r^laead  with  a  lina  of  point 
seurcaa  to  HOdal  tha  spatial  distribution  of  tha  actual  antsnnas  and 
that  tha  ralativa  E-Piald  ba  norsaliaad  to  tha  total  radiatad  povar 
[1].  Tha  currant  distributions  of  tha  distributad  point  aoureas  and 
tha  total  radiatad  povar  ara  datarsinad  using  REC-MOM.  Tha  REC-NOH 
aodal  for  thia  analysis  consists  of  tvo  aonopolas  aountad  on  an 
infinita  ground-plana.  Tha  spacing  batvaan  tha  aonopolas  is  tha  saaa 
as  tha  spacing  batvaan  tha  blada  antannaa  on  tha  1/4  aeala  aodal.  Each 
aonopola  was  aodalod  with  fiva  sagaants  and  drivan  with  a  0.707  volt 
sourea  (aqual  povar  split  batvaan  tha  tvo  aonopolas) .  Tba  currant 
distributions  for  aach  of  tha  fiva  sagaants  ara  givan  in  Table  i.  Each 
point  sourea  shown  in  Figure  4  is  replaced  by  five  point  sources 
oriented  o:i  a  line  parpandieular  to  the  positive  Z  side  of  the  flat 
plate.  Tha  five  point  sources  are  spaced  apart  by  0,051  and  assigned 
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Vl««ra  •.  mC'MC  I't  VUtM  for  f*o  erlisAar/Mftla  Modal 


tafelo  7c.  MMC-HOM  Monreo  Distrilmtioao 


■eight  hbeva  Flat  plate 

Cormt  DlstritetioB  1 

■agaitnda 

Phase 

0.0351 

0.013633 

-3.636 

0.0751 

0.012466 

-6.227 

0.1251 

0.010184 

-8.422 

0.1751 

0.00J915 

-10.142 

0.3251 

0.003718 

-11.589 

tbo  curront  weightings  given  in  Table  1.  The  relative  B-Flsld 
calculated  using  ITEC-BSC  with  these  distributed  sources  applied  to  the 
■odel  shown  in  Figure  4  is  than  norsaliced  by  the  total  radiated  power 
that  was  coaputed  with  NEC-MOM.  Dsing  this  aethod,  a  luxlnua  absolute 
gain  of  6.9  dBi  was  calculated  at  6*58  for  the  AFT  antenna  location  and 
-0.8  dBi  at  B-63*  for  the  FHD  antenna  location. 


I 


424 


t 


MMd  on  th«  pradictad  X-Z  Plana  pattarns  ataown  In  Figuraa  5,  7, 
and  9  along  with  tha  abaoluta  gain  valuaa  datarminad  pravioualy,  a 
eot^oaita  X-2  Plana  pattam  ean  ba  eonatruetad  for  coapariaon  to  tha 
•aaaurad  datii.  Tha  eeapoaita  pattama  ara  eonatruetad  aa  tollowa: 

(1)  For  SS*<6<90*,  tha  pattam  data  tor  tha  AFT  and  PMD  antanna 
loeationa  nhown  in  Pigura  5  (or  aquivalantly  Figura  9)  is 
usad  with  liaitad  aaoothlng  to  raaova  dlaeontinuitiaa. 

(3)  For  90*<4<13S*,  tha  pattam  data  for  tha  AFT  and  FWD  antanna 
loeationa  ahown  in  Figure  9  la  uaad. 

(3)  The  peak  of  aaeb  pattam  ia  norawlicad  to  tha  abaoluta  gain 
valuaa  datarainad  using  tha  dlatributad  aoiireaa. 

Tha  raaultlng  eoapoaita  pattama  ara  ahown  in  Figura  10  along  with  the 
•aaaurad  pattama  and  in  Figura  11  along  with  tha  envelopes  of  tha 
naasurad  patterns. 


Tha  UAS  antanna  X-Z  Plana  (elevation)  conpoaita  pattarns 
predicted  using  KEC-B8C  ara  in  relatively  good  agraaaent  with  tha 
pattama  Masurad  on  tha  1/4  scale  aedal  (sea  Figura  10) .  The  absolute 
gains  pradietad  tha  MEC-BSC  modal  for  tha  FND  and  AFT  antanna 
loeationa  at  0^90  (tha  median  of  the  angles  of  IntarasC)  ara  within  2 
da  of  tha  measured  values.  In  addition,  the  NBC-asc  ganernted  X-Z 
Plane  raaponsaa  for  6>90  that  ara  within  2  dB  of  tha  peak  envelops  of 


Plgmra  za.  Osopostta  nc-BK  z-i  Plama  Pattezms  amd 
Maaauiad  Pattens 
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Viflwra  11.  OoapMit*  KCC-HC  Z-S  Vlaa*  tsttaras  asd 
■■▼•lopM  af  Maaaorad  MtMEM 


tba  tMt  data  tor  both  antanna  locatlona  Alao,  tha  MEC-BSC  aodal 
■atehad  within  3  dB  tha  ATT  location  X-Z  Plana  taat  data  for  e<90  . 
Howavar.  tha  eoaputar  nodal  did  not  aecurataly  nodal  tha  X>Z  Plane 
ranponaa  or  tha  milla  nhown  in  tha  taat  data  for  tha  PWD  antanna 
location.  Diffarancaa  up  to  ■  dB  batwaan  tha  pradictad  and  aanaurad 
pattarna  wara  ganaratad  for  tha  FWD  antanna  location.  Thaaa  arrora  can 
probably  bo  attribatad  to  tha  cloae  spacing  of  the  antennas  to  tha  FUR 
turret  and  the  fact  that  the  nodal  did  not  strictly  contom  to  tha 
diaansional  raatrietiona  roguirod  for  BEC-BSC.  Also,  the  FLIP  turret 
was  nodalad  with  a  flat  top  cylinder  in  BEC-BBC  and  not  a  hanispharic 
doM  as  in  tha  scale  nodal.  This  could  significantly  affect  tha  PHD 
location  patterns  for  0<PO  . 

As  stated  earlier,  MEC-BSC  is  nost  useful  for  analyzing  structures 
that  are  large  coaparad  to  a  wavelength.  MEC-MOM  is  nost  useful  for 
artalyzing  nodals  that  are  on  tha  order  of  a  wavalength.  Howavar,  MEC- 
BflC  nodals  can  be  constructed  and  analysed  quickly  coaqparad  to  MEC-HOM 
nodals.  Also,  nora  eonputar  processing  power  is  required  to  analyze 
MEC-HDM  nodals  which  raquira  a  large  nindisr  of  saguents.  In  tha  case 
presented  hare,  MEC-BSC  produced  reasonable  results  for  a  structure 
tliat  is  only  a  few  wavalangths  in  extent  with  soee  structure  dinensions 
and  sona  sourca-to-structura  spaeings  loss  than  one  wavalength. 
However,  a  single  MEC-BSC  nodal  was  not  sufficient  to  produce  tha 
desired  rasults  and  soam  proeaasing  was  required  to  ganarata  tha 
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Cfapoalta  pattarna.  Tha  availability  of  taat  data  prior  to  tba  HEC-BSC 
analyaia  aaaiatad  in  dataraining  tha  aodal  aanipulationa  raquirad  to 
produca  raaaonabla  raaults.  Unfortunataly,  taat  data  is  not  uaually 
availabla  prior  to  a  NBC-BSC  analyaia.  Tharafora,  NEC-BSC  ahould  ba 
uaad  with  caution  «rt>an  analyzing  ralativaly  anall  atrueturaa.  A 
nathod-of-nonanta  coda,  auch  aa  N2C-N0M,  ahould  ba  uaad  for  eaaaa  auch 
aa  tha  ana  proaantad  hara  if  aufficiant  tina  to  oonatruct  tha  nodal  and 
coa^uting  pewar  ia  availabla. 

Baaad  on  tha  eonputor  nodal  and  taat  data  praaontad  hara,  a 
raeonnandation  waa  nada  to  lecato  tha  LASS  antannaa  at  tha  AET  location 
on  tha  MVE  BANK.  Moaouraaonta  of  tha  en-aireraft  LARS  antanna 
parfemanoa  for  tha  oalaetad  location  wara  not  poaaibla  dua  tha 
difficulty  and  oxpansa  of  axocuting  a  full  acala  aircraft  antanna  tast. 
Rowovar,  flight  tasting  of  tha  HH/MII-60O  PAVE  RANK  eonfimad  that  tha 
LARS  not  its  ranga  vorsua  altituda  raquirananta  indicating  adaquata 
antanna  parfomanea. 


teMMsntDttmu 

Tha  work  prasantad  hara  was  parfomad  undar  u.  S.  Air  Forca 
Contract  Me.  F09S03-*1-C-0096-0010  out  of  tha  Narnar  Robins  Air 
Logistics  Cantor  at  Robins  AFB,  Gaorgla. 
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An  Antenna  Simulation  Superstructure  to  the  OSU  ESP4  Program 

Kurt  L.  VanVoorhies 
West  Virginia  Univaraity 


IntredHotlgn 

Tte  inericil  niirimufni  iii  %kmu\mkm  tool  JocriM  Nma  wm  one  or  levtnl  lof^s  tkveiopea  u  i  meaiiA  (o 
uwpilwwiwiy  iavaligM  the  sMiM  oi  a  puniottar  wire  woihkI  MfUv  coomhMKUHl  loiokkt  helical  ameoi»  [I].  The 
o«cnD  hwertgartOB  hMiginnud  hotti  mimMIia  aoit  0i|«tM»al  irrtwiinni  boili  of  which  oimplimefued  one  uKMher. 
Jht  primlpk  ttiUity  of  the  slmylaikia  was  ia  fimticiioi  hnth  the  electric  coneiK  dimrihuiKuts  tm  ibe  emstitjent  wire 
rlmifTT  inrt  fci  raiiiine  paiirmn  rlim  ihr  nnimne  nm  iifnrinil  n  ihr  rn  nirr  imif  har\  rf"  trequencieji. 

This  dmeittWei  tool  faereioafier  leferred  m  £S^4K.  was  tievefoped  with  MifTicieht  scneralUy  U)  tacUitaie  the  study  of  a 
wide  variety  of  rdaml  aoieikM  leometries.  Ibe  ESHX  itRti  is  a  supemnicun  lo  the  Electnimaycetic  Surface  Pinch 
Venkn  IV  profiaai.  heidoarier  refeimi  as  devtiopeil  by  Ohio  State  University  (OSU)  [2).  ESP4K  cienprises  a 
oolleeiiQa  of  profram  >  written  in  both  C  and  FORTRAN  tor  Ofcraiion  in  a  Unix*  environment  •  and  related  data 
structMat;  aad  a  ayaiam  for  data  flianneotent.  The  £SP4  pn>ffiiB  was  selected  as  the  kemel  lor  bcauseotDiu 

aMHfy  lOiiBtilMe  geoBMUtes  with  both  wires  tmd  opoi  plaias,  2l  iu  ready  availability  in  source  code  lom  from  OSU.  and 
S)  ta  cvnat  appon  by  OSU.  Th0£SP4K  tool  extaads  ttte  £1^4  leofran  whh  I )  an  liniwnved  user  interlace  lor  both 
pra  laeraaiai  aid  iNM-procpuiac  data.  2)  adtHtketal  runainMlhy.  taeloilteg  cakuiaion  of  resonance  and  bandwidth,  and 
Sltbeortadaeaf  AvefCMraUaed  pariiDeHeiml  gaiineiries.  WhUe  the  tool  was  spedAcally  tailored  lo  the  £5P4 

piofrani,  many  of  its  codsiilueot  procedures  are  o«  genend  utility,  and  would  be  applicable  to  any  simulation  program. 

The  parpose  of  dik  paper  is  to  describe  the  philosophy  and  tneibodology  of  ESNK  and  to  discuss  its  specifk  iniemd 't  ion 
to  the  £SF4  prograw;  onwiderins  <>verill  inputs  and  ourpuiK,  the  udded  funciinnality  and  genmeiries.  the  modincaiitviv 
to  tte  £SP4  kernel,  ami  sume  limitarinnH  nf  the  £SP4  kerad  that  were  discuvered  by  this  itivesUgaiinn.  T>ie  render  is 
nefaned  to  (I]  for  the  dttails  of  (be  ESP4K  cnnsutueni  procedures.  An  BSP4K  user’s  manual  haMim  yet  been  whiten 


Ovgrvidw  of  OSU'«£SP4  ProRram 

ESP4  b  a  FORTRAN  program  otaaprisias  a  targe  MAIN  procedure  (over  ISOO  lines  nf  code).  5K  .subrmiunes.  and  7 
fuoaiofaL  ESF4  solves  ibe  Electric  f^kl  Integral  Etiuuiion  (EFIE)  using  the  Momeai  Method,  and  is  applicable  ti>  both 
radfadon  ind  scMteriag  problem  for  getMnetrio.  amiaining  wires  andA>r  plates,  the  later  having  eithm  open  or  closed 
lurCMes-  The  progiimi  is  awtmded  with  a  Mspieniiai  lixi  input  flk  cnciuaning  strictly  numeric  data.  The  input  and  output 
fUa  iniertee  whb  pra-dafinad  kigical  uous  it»  which  the  user  must  assign  ciatesptaM^g  physical  ikua  Hie.  Several  ol  the 
ESP4  oatpai  flies  are  rarmaned  ftir  mpm  to  a  GKS  graphics  piau  pmcesMv  ftv  phNtiag:  1  >  the  pntblem  geometry  and 
vaewriaed  caneiu  OKide  disiribotion  on  plates.  2)  an  devaboa  cross-sectiim  radiation/scaiieriDg  pauern.  and  an  asiffluib 
tirfNBH«etmi  ladtacinn/scallernig  paltem.  The  prohlem  geometry  is  i^i^ied  either  as  a  hvmatied  list  of  node  cnordinaies 
mKliaieronnBectkaia.flrviiaa>erHleriiiedP(JflTRAN  suhmutine. 

Tbe  ESP4  MAIN  procednrt  enmprises  three  levels  as  defined  by  two  nested  omhol  loops  which  successively  define  the 
proMntt.  Tbe  actuei  Mooww  Method  sinwilatifr.  is  performed  at  the  Inwed  level.  Theae  three  levels  are  designated  m  otdg 
an  foUavs:  1)  MAIN  prooeduc.  2)  NRUNS:  pkte  genaBetry  knip.  and  3)  NWGS:  «rire  geometryffeed  loop.  Paraineters 
contaaon  m  all  idranlatkaw.  such  as  the  mcmioas  of  the  field  point  and  the  patten  croKHsectioa  planes;  and  the  siinulaiiuQ 
fretprnryfa).  me  defined  at  lbs  MAIN  level.  Tbe  plate  geometry  is  (hen  spedfied  at  the  NRUNS  level,  and  finally  the  wire 
geniaciry.  wifc^jtUie  atuchtbeats.  knid  impedances,  and  feed  voliages  are  specified  at  ibe  NWGS  level.  In  a  given  run  of 
Ibe  ESP*  program,  each  pUie  geometry  spedfied  in  the  NRUNS  loop  is  simulated  using  all  wire  get>ineiries  !^cU')ed  in 
the  NWGS  loop.  The  £.V4  simuiatMai  is  perturmed  at  dberetr  uscr^fined  tm|ueiM:ie.s.  and  the  syMem  impedance  matrix 
stay  he  eitlia  calculated  a(  each  fretiuency;  or  r<ir  :i  sweep  of  frequencies,  calculated  a  coarse  frequency  intervals  and 
iaieqmlMed  at  floe  frequency  imervak. 
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£SP4K  Phllotoptiy  and  Mathodology 

Tbe  develofimem  of  the  ESP4K  tool  wok  tnmivateU  by  the  Uexin;  ut  reliabiy  fNttonn  a  large  mimher  iH  lOimilaiionx  on  a 
variety  of  parainelhcally  tkflnetl  geometciex,  mJ  to  the  remlbi  in  a  readily  milixed  fonn.  The  related  procedures 
were  designed  to  improve  the  overall  eflkiency  and  rsliaMtiy  i>r  1 )  Oertmns  the  problem.  2)  runninc  the  simulation,  and  3) 
•cceuiflg  the  rcMlis  wi(i;in  a  constioent  ftaAewori.;  enabling  the  user  to  focus  on  the  engineering  and  physics  ot  tbe 
problem  to  be  aoived.  The  ESP4K  procedures  achievs  thin  objective  by  using  hienrchical,  seJf-tkKAHneniing,  tab-delimited. 
MRKUned  aMes  aa  the  means  for  both  Input  md  output,  both  by  the  nser  •  via  ofT-ihe*  shelf  spreadsheet  based  progfaiTu  > 
and  by  dtt  ESP4K  constiujent  procedures  -via  a  coHectitm  of  cusiani  whiten  utility  subroutines. 

Pragma  Input 

Several  ways  lo  tncwnae  Pm  efflcleBcy  and  lefiablHt/  of  a  simnlarion  program  are  1)  by  redocini  the  amount  of  input  that 
wmi  be  mnemd  by  (bn  uaer  and  2)  by  kabebng  the  iapuis  that  can  or  must  be  entered  by  ibe  user,  and  providing  delauli 
\rttm  for  optional  inpitu.  This  is  aebioved  in  the  ESP4K  tool  with  a  neriet  of  hierarchicd.  self-documenting.  tah> 
diUaiifl  apucnned  input  ttblea  wBkh  are  readily  oeamd  with  a  sptead<^ibeei  program  utA  ax  Miarmfl*  Eacd:  each  tow 
nf  fi  firm  nblr  tnpnunaiiig  i  cKflntMit  din  rrmnl  rml  firti  rnbimn  of  its  ndilc  iqimnniing  i  illlTi  ii  in  dm  ft  lil  Asuhset 
rrf  tbe  fleUs  -  normally  one  and  by  default  tbe  ftixi  <  called  keys,  arc  umd  lu  desigaaie  the  reconls.  Ail  of  the  fields  are 
named,  and  dieae  names  are  oonoumd  in  the  first  reconl  of  the  table.  The  ESP4K  procedures  locale  a  panicular  hem  in  die 
table  by  (ha  field  aaroe  and  key  value,  so  the  tieldx  and  rec«)rds  can  be  ia  any  order  without  afleaing  the  openiiion  ot  the 
proipam.  Additional  Aekhi  and  records  can  ohn  be  added  to  any  table  witJuait  aftecting  access  io  the  pnie  table  contents. 

The  amouDi  of  n«|uircU  tuer  tnpui  tor  a  given  simulation  may  be  reduced  by  suvctunag  the  input  uMes  to  group  sinuliu 
<|uaotities  •  in  tbe  seam  ot  all  ipantiiks  hemg  gcnsnlly  tctiuired  m  the  same  point  in  Ibe  program  •  together  as  itctwtU  td 
separate  taUkea.  lo  f  eoeral.  these  tiMes  can  be  linked  k^her  other  relatkinaily  «r  Llcmrcbicsilly.  dq.  ;ndirg  upon  the 
oatific  of  Ibe  data.  A  relationa]  linkage  is  eMuhltshed  when  multiple  tables  iJwrc  the  same  key  value  A  hierarcbical 
rdadon  is  established  when  the  field  cnnteab  •  o(  u  field  nametl  after  the  cotrexponc'ing  child  Utble  •  ik  the  pareni  table 
onnuda  key  values  of  the  child  table.  This  hterarchiQl  scheme  enables  a  single  recmid  ul  a  child  table  to  U  us^  for  many 
diffiereiii  idmiladons  whbom  having  m  re-enier  the  tnlormaiinn  of  the  child  laMe  (x  each  simulailoo;  t.e.  this  enaMes 
eicber  a  nwiiy  m  one.  or  many  to  few  relabnoshrp  lo  be  estabibhed  between  rite  parent  table  and  Its  children.  This  also 
enables  the  infonnaiinn  in  the  child  cable  m  be  uccessed  via  lecogniz^ile  labeb.  For  example,  many  simulations  may 
sfiecify  the  use  of  copper  conducion.  The  simulation  program  icqoim  a  numerical  value  for  the  cnoductivity  of  the 
material.  Raiber  than  having  to  specify  thU  value  in  iu  proper  units  for  eve«y  simulaikm.  as  it  re«fiired  by 
program,  the  ESP4K  prooedurcs  use  a  child  table  of  material  charactetistio  whoce  key  values  arc  (he  maieilal  name,  and 
wboM  nakl  value  is  tbe  amductivity  in  (be  appropriate  units.  With  ESP4K,  tbe  user  need  only  specify  tbe  name  ot  the 
amerial,  U.  ’copper'',  in  the  field  of  the  enmaipnoding  parent  laMt.  The  value  of  oooduciivity  b  (lien  found  automaikadly 
from  the  cttkl  UNe  by  the  ESF4K  preprocessing  procedure.  These  parenKbUd  relarionsbipx  will  be  evkieni  ^n  the  speciiic 
iopm  tahia  (hat  are  described  laier. 

In  addhiOB  1)  (o  providing  a  scIf-diKaiDentjag,  traiupareftUy  expandable  tnpiit  meebanum.  2)  to  providing  a  means  for 
radndng  (be  oner  tnpui  latiummients.  and  3>kicaabhhg  easily  lemcmbeicd  character  suing  key  vahim  to  be  lubMituicd  for 
dMncaK  lo  temember  wunerteal  vaitiex.  them  htervchicaJly  sinictuied  input  tables  provide  a  nattiml  and  autotunic  way  of 
dncmaeaiipg  entire  nets  of  simulatiflns  for  archival  pwpewes. 

Fik  *  DeU  MMUgenMot 

Simularkuis  or  cxperitiieois  begin  with  the  spectticnioA  of  the  conditions  under  whkh  these  aru  neHluaed  •  the  design  of 
eapcTi— at.  The  lesuli  of  die  shnulatkm  <v  expenment  is  a  cnnvspnnding  set  uf  output  data  or  measimnenis.  Since  the 
output  dma  b  only  meaningfal  in  the  ointext  of  the  coodkiotis  tinder  whkh  it  was  gtmenned.  an  automatic  mechanisin  ft* 
estuMisMag  this  linkage  can  trnprovc  the  reliaNItty  id  the  simulatinn  mi  improve  the  user's  eflkieocy  in  analyaing  the 
fcsolts  All  datasets  genereieiJ  by  the  ESP4iC  procedures  are  automatically  nanasd  ia  u  munner  that  maintains  full 
traceability  back  to  the  oerespieiding  input  tables.  Each  exccuikm  of  the  ESP4K  procsduies  is  desigiiaied  by  a  un^ue 
three  digit  simulation  number.  Then,  within  a  given  simulaikei.  the  iieniiion  level  id  each  o(  the  MAIN  procedure's 
primary  nested  ominil  kelps  •  already  dtscusMsd  lie  (tie  ESF4  program.  IjC.  the  NRUNS  hiop.  and  the  NWGS  loop  i.^ 
designaied  by  a  cncrixponding  letter,  beginning  with  "A"  and  NeipieaiinJly  kioemented  with  each  pass  through  the  loop. 
The  E5F4K  roof  ttse«  an  addidonal  tiequency  specifuaiiion  loop,  termed  NFQS.  nested  below  tbe  KWG5  looP'  ^  dtls 
kwp  is  also  designJed  by  a  oiTrexpaadin|  Icrfer.  All  datasets  fnr  a  given  .dmulaiim  am  unkiuely  named  using  Ihese 
demiaaiors.  The  wkkix  datasets  tme  disitnguHhiid  fnim  one  another  by  n  two  nr  three  leoer  symbolic  'tode.  i.e.  EL  for 
elevation  cross-section,  or  JM  fnr  current  mode  duiribuiran  and  axsoctaied  wire  geometry.  The  simulation  number  and 
these  designators  are  also  specified  as  frekls  in  (he  program  input  tables,  estabibibing  the  direct  cnroapondence  between 
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input  cMitUikmii  aiKl  output  rcMillft.  The  Miomatic  munm}!  of  till  twipui  dituiKets  elirniiiaies  any  ctMiTuxion  as  lo  the 
comUikmii  under  wliicfa  a  ^ivuo  Met  «)t'  ilun  wax  Kv'reraieil.  which  h  imponiuu  to  nuiinluinio);  ettnutU  AnU  iniei^niy  of  the 
<iMB  when  perfoiiniiij  a  brjte  titunher  <it  xiinuUaion.s  under  a  wide  vieiety  of  v*ndilioni>. 

Program  Ootpul 

MoM  output  fUcR  generated  hy  the  ESI*4K  fwocedunex  nrt  abtt  fiummted  ux  self-dnoimenunt;.  (AtMklimited  tnhiex.  which 
can  bepmoil  toa  tgvuwhihBci  famed  pn^ae  ftv  either  tlwplay,  prtniinii.  m  xuhNequeni  pmcexxihs  or  mitUyxix.  The  ESF4K 
tool  coNcatM  a  pnet-pmoaMing  procedure  with  rtadx  the  cnikctlnn  td  M»ch  output  Aim  from  a  xpecifUsd  ximulaiion  aitd 
prcpaia  a  aaconSary  xet  of  diM  tirtden .  uoniaiflins  taly  esieniial  dau  >  and  a  contapooding  gr^iCK  ctirntmiod  TUe  fur 
autnimtk*  plottai  li^  the  TriMeuu.  Inc.  Axwn*  PC  famed  phriing  and  unaly^x  program.  Aj;um^  olTen  a  wide  variety 
of  pkx  typ^  axil  typei.  ami  aoalyiix  capiMliiim  tocloding  2*D.  3*D.  Smith  chan,  and  polar  plois.  Tbe  ESP4X  plots  are 
ODdad  by  color,  nynihd  dtape  «id  line  ty^  «mI  include  Mtekd  mimerical  due.  all  dexign^  to  outeimiic:  the  axMmilaiinn  o( 
toftnaadoa  by  dH  Mcr. 


Claer  liilerfdco  Mechanimi 

Slaca  te  ESF4K  ^wnmiilunai  rely  upoa  lab-dalimiteu  tafahx  for  both  tapiM  and  uwpuu  the  principle  uxer-interface  can  bn 
off-ibe«ilkelf  xpreadaheet  programx,  which  are  ctqmNe  of  reading  aod  writing  xuch  fiiex.  Tbese  prognum  provide  a 
oocukleiafale  adraatage  of  I)  faekig  already  readily  avallahle  and  tmaUinr  to  moat  uaen.  2)  provkling  prAvenul  display. 
fnnaattlBg.  mal  prtodag  capiMlidcx.  3>  pro^iig  aiSdirional  pnvetMing  capahilitkx  xuca  ax  .sorting.  scaMidnry  cniaibtions. 
aad  plottitig.  ami  4)  being  xaparatcly  ducumewed.  maintained,  nnd  eahanoed.  The  £SF4/(  tool  utMiied  the  Miemsort^ 
Excel  program  m  tbe  primary  taier  interlace  for  creating  iapiy  data,  and  the  Tiihiatrix.  Inc.  Axum^  pmgrem  as  the  primary 
awr  imtnfaoe  for  pkuiing  output  data  The  lapia  tahlex  can  be  readily  croued  by  copying  ami  then  tnodifying  recnrui*  from 
previow  lUMdaUnaa.  Multiple  UMex  can  fae  xiAuhaneouxly  dixplayed  in  a  Wintkiwx^  or  Macintneh^  eavifonineat 
eoMtag  the  oaor  to  tdmuliaaaaiidy  view  aU  kpui  luiditiunx. 

Adapubihty 

The  aetfHkicunMadag  feature  of  the  input  and  tMiqwt  tuhim  cnaMe  nhlar  laMcx  to  remain  transpaftni  to  the  evolution  of  tbe 
programs.  Modifkationx  or  addtiionx  to  the  ESP4K  prognim.v  rcduiriug  addiiioMl  input  wuiblex  can  be  readily 
aL'cntniandaiad  •  wiihom  disrupting  exixtiag  daui  or  the  asManuied  pmgruim  which  acce.v>  that  data  •  by  sim|dy  adding 
oolaaias  lo  misting  uhim. 

AccoaumidatioB  af  Ohi«cttv«  Funclbeu 

In  fbnniiig  the  £SP4i(  uml.  the  ESP4  MAIH  procedure  wax  reloonulMed  inlo  30  separeie.  xituctuied  procedures.  Tbe 
^oMvwWdai  used  fay  OtecrmnBdwexwmeaUiBsued  amongst  32  xepiiiBte  COMMON  blodtx.  Tbe.Hestqf>xwereiafcea  1) 
to  impRm  cMy.  2)  to  ciimiaaic  redundance  3)  to  add  speciric  fuactiOBaJMy  to  the  code  including  the  uiuanaiic 
catadmiwt  of  rernaaiw  frequency  and  bandwidth,  and  4)  to  ptqwe  for  automatic  optimaation  .of  atitcana  design.  Thelad 
two  hems  regmic  dm  deAnhim  of  an  objective  luncutm.  which  fiv  ibird  item  was  either  the  reactive  impedance,  or  die 
durcrtaca  batwaan  the  oparatiag  and  tar^  VSWR  levels.  Thu  was  added  by  modifying  the  SSP4  program  to  uahe  the 
spedficreiou  of  frequeacy.  imbpendeni  of  the  calortaricm  and  tte  soluiiun  of  the  irnfmOance  natrix  so  that  aa  indefieBdeBi 
irea  aohmr  could  flmi  tbe  rcao  in  and  bead  edge  Ampmaom.  Oiber  objective  roDCtioimcaa  be  readUy  added  lo  the  ESiVlT 
prooadures,  for  example  lo  perfonn  a  geoaeihally  ctaniraued  opaadaikm  of  ameima  design  rnraomierv  to  muimoe  tbe 
radimiao  glia  or  bfpdwitkh. 

CoasitUaty 

Tbe  ESiP4K  procedures  oorrect  an  incnnsutcDcy  in  the  spadncaimn  of  vaiaex  fur  the  several  malhcwalical  and  physical 
couomat  miA  amungsi  ibc  various  ESP4  suNooiiaas.  Table  1  shows  the  various  values  for  these  cmuianu  as  denaetl 
ia  bolh  ESP4  ami  £SP4K.  The  ESP49C  procedUM  defiiK  only  three  ccmsimMs  maacncaJly:  pi.  dr  speed  of  light,  and 
Eater’s  oranamt;  other  cunxunu  are  dtra  defiucii  ia  icfiM  of  tfama  three  variaMcs.  The  numerical  derimitonx  are  made  in 
the  MAIN  prooadure  and  shared  with  all  other  pnioedtaes  via  a  COMMON  dm  bhsefc. 

faranwturised  Owiarntry 

Tbe  spedfk  wire  pMoiefries  xlmubited  hy  the  ESP4K  Hud  are  dexchheU  later.  Each  is  deiined  in  a  genetaliied  hvm  in 
teims  of  its  relevant  getaneuk  p(iiainetef>.  which  can  he  specilicd  either  in  ahsoluie  meuxureniei4  units,  tv  nonnalized  with 
fcspea  to  a  speciDed  thsign  fimiuency.  The  values  fre  die  panarmierx  are  specified  in  the  respective  input  tables,  enabling 
dm  user  pcrlorm  panraetne  dmtgn  studies  dirm^y.  With  the  additktn  ol  an  op(w:)iz«r  and  the  deliniiHHi  of  an  ohjeaive 
functioa.  dm  values  of  them  parameieoi  could  also  fae  opiimued  auiimusically. 
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Table  1  Cemparison  of  IPhysical  and  Mathematical  Constants 


Dnaertpilon 

Nam* 

rsP4  vmum 

tsPtKvv  vaiiw 

Speed  of  Ucht 

CLKiMT 

291)11  E6 

299.792.5  E6 

Fiw  Space  tinpnkeKe 

eta 

376.7 

376.73036613V 

120.0'PI 

bo*CLIGH+ 

Eakr't  OmaiiM 

EULER 

0..3?72i6 

0.3772tM 

0.57721.368 

Permittivity  of  Free  Spnuc 

EA 

S.R3E-I2 

IRME-12 

IAll0*a,ICHTi) 

Fermeahility  of  Free  Space 

UU 

136E4I6 

40<l.*PI*I.E-9 

Pin 

PI2 

i.STOTWl 

pi/i 

Pi 

PI 

3  14159 

3 1415926 
3.14159265 

3  14159265359 
4.0*  ATAN(  1.01 

3.1415926.5 

2*  PI 

-* 

TP 

2.*I>1 

62I31R 

6.283185 

6.2831853 

638318530718 

2.*PI 

4*Pt 

EP 

4 ‘PI 

12.3M37 

4.*PI 

RaUMbepee 

□CRD 

57.29578 

1/0.0174533 

lIRVPI 

i8aT>i 

Ovorviaw  ol  E3P4K 

nf  Eipvlimtnt  :  f*r«|Mr«titMi  of  InpMi 

Tbe  Mimrtiriofl  e>i|iefineni  in  hy  jii«nciiv«ly  cixMiniciing  injiui  IM>I»  luing  a  upfCAdsheei  progrrm  This  was 

pe:tm»eC  <in  a  Ik’i  ciunpuief  with  a  tvge  iivittu  dixfiiay  which  «aabled  snusi  tthli&i  u>  be  ximuitanetKHly 

Oixphiyail  on  the  Mcreen.  The  MuduNwh*  iipenHiRg  sysiein  wRii  wdl  imiieU  fnrilux  ml  mher  wiralow-imeAsive  ttfemionK 

DnU  PnK««ii«| 

P>ra.firvT»»artli;;  The  input  taNex  aie  then  nsat  via  Ethernet  to  a  vSiliaw  Ctaphivs  Inc.  Indigo*  wiyfcMaiitia  opeming  under 
the  IIUX*.^n»^  operMing  xyMCBs.  The  Uuia*  openuing  Kymeai  lacilitoied  both  the  pmemuing  id  dam  ami  the 
Ju^lopntunt  or  aSt  UK  BSP4K  pruoadunat.  The  tungoage  preproue»ing  prueedm  caUad  used  a  cusma  utility 

piofiaa  called  geveh  to  exuna  the  neoeMHiy  data,  cnrienpundug  to  the  ^Kctflc  eiaiilaUoo  ninibef.  tram  the  tiqwi  tables; 
crnwracthig  a  ampNadat  Hiii«fcnMmed  tUe  tta  could  be  itad  hy  uw  FORTRAN  ntmulatlon  prapw.  called  ESP4KW. 

SiMiiiMioBi  The  ESP4KVV  prognnt  wait  developed  fratn  ihe  OSU  ESP4  program  and  Includot;  1)  i  owipleRly 
ruromuiated  MAIN  pmeedore  and  lulated  aubrnuila^  ik  already  dl»cu»eJ>  2)  the  E5P4  itubrouiiDes  nod  funetkm.  some 
with  Hiiiior  mndifkKina  u>  luihttiiuie  COI<MON  ihia  Mod(.<<  fiv  pammeicr  arguPMai  liUK.  wd  in  add  hooka  thr  exiraciing 
dnia.  Mich  ait  the  cuntni  modes.  3)  FORTRAN  and  C  Mihroutines  for  oUculaiing  liiur  generaiised  wire  geomeir^s.  4)  C 
procedines  for  auirunniially  rmdiiig  nsMuwnce  and  hmal  limit  irequencimt.  aou  for  imeniolaiing  betweut  ihcKe  poinis  with 
suirwiBiH  iCMdatlnn  to  construct  reasooubly  MOtMtUi  Smith  charts  of  inpoi  impedance,  and  5)  C  procedures  lor  managing 
Uau  and  constniaing  the  vaiiouH  output  ^ta  tiles  In  addition  to  thiwe  nbtted  control  loops  described  tiv  ibe  ESP4 
program,  the  ESHKW  contains  a  trmpKney  itelecikm  cimtnd  ltv>p,  designmed  as  ihe  NPpS  Ump  ihal  is  oeMeii  within  the 
NWGS  loop. 
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The  nuiptti  (ilcA  tnun  Ibc  ESP4KVV  .<amukMk>n.  mmJ  the  coresponOing  input  tables,  aie  auiommiciliy 
mkl  by  the  C'lMiguase  pr§ptm  prognm.  which  ctniHinKts  botch  pniceieing  tomatanU  Hies  (or  control  nt  the  PC-ha!«<J. 
TriMctrta.  Inc.  Axuin*  ploiiiug  pf<^(nm.  Axum*  can  pmcos  apreaihhaet'fonnatteU  <lau  nies  in  a  batch  mnk  ih-ii  is 
controlled  by  (be  above  tkscribed  commarMl  nk.  known  to  Axiim*  ax  a  hbtory  Ok.  All  of  the  plots  are  stored  in  template 
r<wm  in  a  maider  flte.  and  dtese  iemplaie.s  me  then  nnlltkd  to  incorporate  data  t'mni  the  speciilc  tests  to  be  plotied.  The 
prepfrv  progntn  cm  pracew  mulilpie  umulatioeet.  and  a  DOS  batch  file  is  aaiomaiically  con.structed  with  the  prrtper  calls 
ntoetaary  to  pnpaie  the  coiiMiiuent  pkex  Inr  cncb  of  ibe  selected  ximulatiims 

PrepnrnibMi  «f  PMa 

The  *iiai^  Ales,  data  Aka,  and  the  DOS  bmuh  flk  ane  trmsfenvd  via  Eihctnct  to  a  PC/386  tunning  dt«  DOS  npcmdns 
syMOi.  Tltt  ploii  an  genMiiul  in  4  hacfcifotniti  mode  with  the  nmpie  ewcuiioa  of  ibe  DOS  bticb  comnuuid  file.  Tbe 
Adi  eoMpIlMKorplObi  Air«Kh  kowyeion  cnmpriw*  Ave  pages,  encb  page  having  four  pints. 

Input  fnMnt 

TnUa  2  owMbif  (ha  unicnat  uf  tfie  BSP4K  bknicbical  Input  tables.  Five  mot  level,  relaiiooal  tables  are  ikrmed,  the 
runic  of  eaeb  bogiaalng  with  the  sBing  *SIM.*  and  each  having  a  key  field  called  "SIM.*"  which  connutw  the  threj  digit 
ibnulnlioa  ntvnber.  T^w  thite  <Agit  simulation  number  k  pAtwed  into  the  r.tp^prcps  program  as  tin  argument  upon 
iavocaiion,  and  is  In  turn  tneil  m  fmd  tbs  conenpnndinn  cecnnls  in  each  of  these  mot  level  tables.  The  SlM.mnin  table  is 
read  Am,  and  hiH  one  and  only  tme  entry  hie  eswh  simulaikm.  The  Helds  NftUNS.  NWOS.  nnd  NFQS  specify  the  number 
of  iieTMions  in  the  respective  nested  ctemol  loops  in  the  .MAIN  prt>gnim,  and  also  indicate  the  number  ot  correspotuliiij; 
records  in  the  SIM.rufih,  SlM.wireK  and  SlM.fteq  table.s  respectively,  wheoiby  a  new  record  is  reud  Irten  lite  SIM^ruas 
table  with  cnch  lientim  ttf  the  NRIINS  loop,  a  new  rtaird  is  lead  ^n>m  the  SIM.wiies  table  with  each  iieratMm  of  the 
NWOS  loup,  and  a  new  record  is  rend  then  the  SlM.ireg  table  witS  each  iteruiton  of  the  NFQS  kKip  The  panuneiets 
NRUN.  NWC,  Ml  k  lhe>«  taMes  «e  the  Uanirieis  used  lUt  Hk  pumgcmem,  as  discussed  aN>ve.  Ntemally  for  each 
stmniwkio  theae  are  lit^  Mipaentiatly.  A-Z.  The  SIM.a  table  is  used  for  saving  tunl/or  teineving  u  system  impedance 
maorix.  Allof  thtESMUipui  vihaMeshase  beencankdttver  to  iha  ESPeitW  prtwedurt  without  any  change  m  name  tv 
mranifig.  so  many  of  tbe  AelAi  k  the  SSP4K  kpui  tahks  will  be  leoognimble  to  eSP4  users. 

TablA  2  ESP4KW  Input  Table  Structure _ _ _ 

MM~mak  r^.g  DUa  NdO  NPRiNT  NFQ£^  IWR  IWRh'  INWR  IHQM  iFtL  INTSRa'^iwt^  ~ 

THRPS  PHRPS  THMFSPHMPS  IUDP^T  PHFE  THPA  SCPAT  »SE  PHSE  ISA  THSA  THIN  PHIN 
Cormure) 

wrom  (k  MT  INTP  INTO) 

PkM  (PkM  RF.kr  NRF  PfjHn  AF.rw  AP.sckt  RF.nermi 
AAO^AT  (k  IPFE  FNDFE  iPFA  lE^kA  lAFAE) 

ICPAr  {k  IPSE  PNDSE  IPSA  PbOSA  lESAA  lASSE) 

Sm.ruM  (SiM.t  NRUN  MmAiI  ttlUaA  Pita  O—iafii 
kilarkl  (id  CMM  Reaigttyey(en^  Nctee) 
klra.fod  (id  A  BtS.dk.in  lANORM) 

Pkaa.OMio«i  fk  Pmo  PLATgrypE  plateidi 

SIM.Wiraa  (StU.t  NWO  Wira  PoaiaBi 

Wire.OMlgn  (id  Pr«q  WtRBp  Shapa  »kida2  NContra  NKlar  £tld  IFDTVPO  ICNNCT 

Oouetkikni 

OPOUE  (WfRElO  k  NORM  NM2  DHN  NFIO  OFFSET) 

HEUK  (WiRED  id  HL2  HO  1^  ML  P^ORM  NM3  IPSNSi  IPSNS2  ROFF IROFF  AlaO  NTum«  NScq 
NRJD  OFFSET) 

CMMPOMREID  k  HL2  HO  (NORM  NM2  IPSNSI  IP3NS2  ROff  AtfiO  NTuma  NSuq  NFLD  OFFSET 
O^cormaet  02L.kop  DA.dk«  DA.rkl) 

RNOBAR  (WIREIO  k  HU  HD  (NORM  NM2  MaO  NTunw  ^  IX>  OFFSET) 

Fogg  (Feed  rwde  ZL.raal  2L.lmng  V.mgg  V.^baa««d9 

SlIJraq  (SIM.t  NFQ  FMCl  FMC3  FRQSWP  (ygonanea  IFOR  IFOS  IFQV  VSWR  IFOPAT) 

FROtWfP  Ck  NCaleZ  NTtpkZ  INOr  DF^t  OFF  IPFO) 

neaowawoa  (k  /IRZ  SZRRZ  iZTOtS  DSMIN  DSMAX  OVSWR  NFF.rrin) 

SIMjt  (SIW  f  NRUN  NWG  NFQ  IRD2M  2_»nNt  IWWM) 
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SIM.iVMin  :  Gtfi«ral  Simulaiinn  Paramtlam 

Tbe  StM^main  lahle  hB.s  hair  child  INTCRS.  Field.  RAOPaT.  and  SCPAT.  wbkh  ans  cum.HptXKlin^ly  named  -ks 
IkUs  in  tbe  parent  tANe.  The  INl'ORfl  table  cnotainK  vuluaw  fia  the  SanpMwV  nile  iniegnition  panineicn>.  Hie  FiekI 
table  CMKaiAti  piviinetcn  delining  iha  dtsUBce(s)  ot  the  field  pt>inHK)  in  ihe  cenier  of  the  aniennn,  wherein  the  ESF4KVV 
program  can  calculate  the  fteMn  ut  a  mullipliciiy  ni  Mich  distwices  in  ctmirasi  with  the  ESf*4  program  tor  which  only  one 
radial  dlManee  ctiukl  he  specified.  The  RAbPAT  nnd  SCPAT  iahle»  spccity  the  panmetm  for  die  rtKliniioii  tuul  scattering 
paneme.  TIibm  uMan  cuniain  new  parameters  enaMing  the  Held  paticntx  lo  he  cakuhned  at  a  xurt  jce*derining  mesh  or 
points,  exieading  the  EXP4  pnigntfA’s  limUnikin  of  ainglc  ekvmttNt  and  aioMth  croaK^saciMiliK.  A  single  record  in  each  ol 
(ha  ahmm  nMeit  arc  UMd  for  ouwi  xinulatiMi*.  demorMnuing  the  ecoctemy  of  ihi>  hiennehifial  input  lahle  meUKalotogy  - 
frequenUy  tnad  infocmatkm  need  <«ly  he  atHered  onc*.\  laid  tbe  mot  level  tabka  enntnin  the  esuience  of  the  idmulaiion. 

SIM.r*iM  :  Malerial  PmpertMt  Wire  StM,  *  Hate  Deaigii 
Tbe  SIM..|tniit  laMe  onniaiax  infmiMun  about  maierial  propeniea  and  pinia  design,  and  icfcmices  ibe  foUowing  tables: 
Maavtel,  Wire.md.  and  Plate.Design.  Mmerial  names  are  used  as  key  vahiea  m  the  Material  laMe.  and  Wins  gauge 
namhers  are  uMd  as  key  values  in  tte  Wifc_inJ  table.  Thu  Plnle.Deri|tt  able  is  .’UmeturoU  with  two  key  fiekhi  Tbe 
PLAIETYPE  Dald  lafers  to  ibe  name  of  a  tabie  coniaiaing  pUie  design  pa»ai<!im.  while  te  PLATFID  field  reterx  to  tbe 
key  valae  of  tbe  cncreaponding  record  in  tlds  table.  Useix  may  easily  atU  their  own  paraaetenied  plate  design  submutines 
m  the  ESP4KW  program,  then  :qiedfy  and  coasiruct  the  ennesfonuing  input  lablea.  and  tlnally  modify  the  prspmceMing 
rnweihue  m  read  and  prxms  these  tnNes. 

SIM.wirwt  1  Wir«  GaoRHtry 

Tbe  SIM.wircs  table  specifies  the  wins  geometry.  The  Wire.Dcsign  Held  designates  a  rtx‘t>rd  in  the  corresponding 
WIraJDeeipi  table  which  leprcnmui  a  ^qiecilk  physical  embodimeni.  Tbe  Wire.  Dmagt  table  in  turn  r  terencBs  the 
penmaieni  tara  apedflc  wire  geometry  via  twtik^  HekK  WIRETYPE  mil  WIREID.  Tbe  WIRETYPE  field  specifies  the 
name  of  a  table,  while  tbe  WIREID  field  specifies  the  spedik  reaird  wabin  that  tabk.  Tbe  key  values  for  all  of  these 
laMes  are  typically  chosen  to  be  meaningful  names  la  character  suings.  Four  diflenmi  WIRETYPE  tables  me  pn^aently 
defined:  DIPOLE,  KEUX.  DILOOP.  and  RtNGBAR.  Euch  of  the»ie  tahlcK  defliio  u  cewer*  fed  element  which  is  nrimied 
alcaig  a  line.  Tbe  DIPOLE  uiMe  specifies  the  usual  linear  dipole  ekmeni.  The  HEUX  spedlVss  u  helical  element  or 
a  cnavawound  helical  eleineni.  The  OILOOP  tnbk  spediks  a  specialized  rcpRsciiiiiKai  ta  a  helia.  or  contmwound  helix, 
oomprtsiog  a  series  of  open  Iraqi  ekmems.  normul  to  and  ucicentric  with  the  antenna  axis,  which  are  iniuoonnected  by  a 
series  of  collioear  elements  whkb  are  parallel  to  the  axis  of  the  antenna.  The  RINCDAR  table  specifies  a  ring-bv 
nsprtienurion  of  a  omnrawound  linear  helix,  alter  the  wivk  of  dirdrhll  md  Eveitart  (3).  These  WIRETYPE  tables  specify 
the  geometric  pnmiaetcrs  in  terms  ol  either  absolute  or  wuvelengUi  mimud'xed  uiUu.  Tbe  physical  sdte  of  a  normidized 
ndraiia  is  set  by  (he  derign  frequency  horn  the  Freq  ikld  of  the  Wite..DeKign  labk.  The  gencndiied  linear  ekmeais  deHned 
in  the  WIRETYPE  tshlex  can  be  irertsfomied  into  either  a  circle,  semkitcle.  or  polygon  by  specifying  such  in  the  Shape 
Md  of  (be  Wire.Design  table.  Tbe  integer  panmeter  NSitle2  speciOes  half  ihe  number  of  sides  in  the  polygen. 
drcttlar  or  polygonal  stapes,  the  ICNNCT  Held  specifies  wheih^  the  whe  dement  is  cKaied  or  open.  Tbe  NContra 
pmmeier  spedfles  wheifier  the  HELIX  nr  DILOOP  antennsis  tut  bifilar  aaitrawound,  moooniar.  while  the  Feed  field 
speeWea  (he  key  value  in  the  Feed  table  vriiich  defines  the  voltage  and  impedance  ii  the  feed  pinnKs).  Each  of  the 
getieiiiiied  linear  elcnaents  can  be  segmented  and  feed  pnimscki  he  locaied  at  (^  segment  bomdiript. 

As  m  illMttaiioti  of  the  genendity  of  these  genmetries  and  die  simpUciiy  of  their  .qiedncminn.  one  record  in  tbe  DIP^.£ 
caMe.  tether  witb  various  comhioationK  of  pnrameieis  in  the  Wire.Design  table,  can  be  used  k>  specify  either  u 
cmveMionnl  linear  dipok.  a  semidreuiar  dipok.  a  polygonal  appnuioutino  to  a  circukr  loop,  iv  an  evan'idded  ptdygona) 
kop.  Tbe  lonp  configuraiioos  may  be  eilher  open  (v  dosed,  and  may  he  led  at  eitfitr  a  single  poiitL  as  with  a  ctaiveniicnal 
dipirie  or  Innp,  or  at  mohipk  points..  e.g.  such  »s  ui  titur  equi*hpaced  points  in  a  Smith  ‘^iverkal''  antenna.  This  same 
genendity  also  applies  to  helix.  Utkaip.  and  riitg>tair  embodiirmts. 

SIM.fkaq  :  Simuiatinii  Prequency  amtfnr  Fraquaney  Sw««p 
The  SM.fieq  laNe  speciCtes  the  frequency  or  frequency  nuige  at  iw  over  which  the  simukition  is  performed.  When 
«ttmulaiing  over  a  rengc  ot  trequencies.  die  irequencics  may  eilher  he  specified  at  fixed  frequency  intervals  -  us  in  the 
taiguMi  ESP4  prognen  •  tv  the  simulation  may  ^  usvtl  u*  :iUHitnniiailly  find  rest  main  :umJ  band  edge  irequeocies,  a>iing  a 
spedtied  VSWR  as  the  criiervi  itv  detuiiiig  the  ttpetining  btuidwidth.  The  limner  appniucb  is  specified  by  the  table  named 
I^QSWP  which  has  the  suiadurd£VF<vt»ii(bks  RadiiUkaipMienis  von  be  calcuUiedui  these  fixed  frequency  poioLs.  The 
Utter  upprotBh  is  specified  by  the  liMe  itianed  Rtxvuuice.  Itidiaikm  pmiems  aui  be  calcululed  ai  resonance  and  band  edge 
Irequendes.  The  program  Ibids  the  reMVuan  and  kmd  edge  frequcllcie^  using  the  ZBRENT  algoridun  from  14|.  and  then  • 
so  IS  to  produce  data  Itv  smtaith  Smith  Chans  •  successively  splits  the  resubiaii  frequency  intervals  until  the  geoenUizeJ 
disiance  between  aJiaceni  trequeiKy  pmots  in  the  ctvnriez  Nmiib  plane  is  les.s  th^  a  ubk^specitied  timouni. 


Output  OuU  Filut 

The  nutput  flteK  pfoUuceU  by  the  £S^K  pnwciluiex  are  IikioI  in  Tahit  3.  Reference  { 1 )  \is\sk  Um  deteilol  siniciure  <>i  ihew 
lUea.  The  dMi  hteR  wc  wriiien  in  three  dUTeiertt  ftwmnis.  The  L^F4  itirmai  ikcUgiuHeK  ihs  ESP4  program'^  ^uuHJaru  nies 
wtikh  ire  <kacrihcil  in  (2|.  'Hm  ESF4KVV  tnmuii  ttaKignales  flleit  which  reMilt  fnen  nfe*pfoces.xing  the  input  inhle.^  ana 
whkft  art  oaed  ok  tlirea  Input  m  the  ESPKVV  pn>gmin.  The  Ttih  lormat  deKignaiex  tielt-ilocumeniing  tatMlelimiieO  tUe& 
whOM  lenenil  URictun  tuw  ilieetfy  been  (k>>ctihetl.  The  JatiMb  nnining  aMventkm  •  an  miegral  port  ot  the  ESP4K  dntn 
nmgeiMni  lyiMOi  *  cooiphRex  n  two  or  three  churacter  l‘uiictk>nal  pvena.  fuiloweU  by  an  aipbantimerie  Nimubtlinii* 
UMRttyiag  auflix  ounpnettl  firom  the  fndowing  etonehia:  ■>  SIM.#,  the  kimulnilttn  number  bi  NRUN.  the  character 
rcpreieiiieikei  of  the  NRUNS  htop  enuruer.  c>  NWQ.  the  cbamctef  rcpreaeniMion  lU  the  NWCS  lonp  ctHimer  d)  NFQ.  the 
character  irpreacntaikm  of  the  Kfk}S  kmp  emuMer.  and  e>  IRZ.  the  chancier  lepreitcntAtiitn  nl‘  the  reNonratet  number.  The 
wflixea  iMd  in  TMile  3  an  ddineii  m  IdUowit: 

PNAME  w  (S]M.#)(NRUN)[NWCn(NPQ) 

CB4AME-  (SIM.t}fNRUN)INWG] 

RZNAMEw  (SIM.«|(NRUN)[NWG](NPQ1(1KZ1. 

Output  FMa 

The  pttpht  pmfran  selectively  reads  the  ESP4K  nuipoi  tables  and  cnnstnicts  liles  nt  phu  contmands  in  the  Axum^ 
pkNUng  language  xuitaMe  ftv  subnetpeoi  bntch  pnKe.<wing.  Table  4  lists  ESP4K 's  full  umtingeni  of  20  plniK  spanning 
5  pagn  utilixing  a  variety  <if  axes  types,  uU  annouved  wuh  suttibem  numeried  dam  tor  the  user  uv  -  in  miiM  cases  •  fully 
comprehend  the  Himehu^  embodiment  wiilMiut  having  lo  rely  upon  other  output  data.  The  wire  geometry  is  shnwii  in 
both  3*0  (Plot  I)  and  In  a  genaratiaed  hum  (Phe  2)  •  iIm  genendiaed  variables  b^g  the  aximuthal  and  poloidat  onghts  lor  a 
UMoidhl  gcouietry  whose  ougor  axis  hi  x-«naiMd.  'nte  tCed  kwariaoK  «e  shown  with  symbols,  and  the  corresponding 
vohage  aad  phaae  are  nhulateU.  BSP4K  supfions  gemnetrics  with  both  one  and  two  wfaei.  and  the  curieni  dtsirihuUons 
far  each  wilt  an  shown  ooinr  aod  symhnt*cnled  at  all  rescitfiiKe  ind  onnespnnding  band  edge  tiequencics  on  seinfltie  plots 
far  each  wire  (Pima  3  and  41.  The  fnxfueacy  rer^pooMc  ruf  impedance  is  ahown  io  Phus  .1  and  6  m  hixh  full  scale,  and  at  a 
doer  sorie  not  exooeiUing  -W*  IQDOO.  which  lefeiencc  lines  delineaiing  ibe  ncsonancc  and  bond  edge  irequeiicies.  PItH  7 
shows  dn  inpeihmoe  in  Smith  chan  format,  with  separate  lines  cowesprwJing  to  normaluaiioiis  with  respect  it>  each  ot  the 
resoiaiat  ititprihocm.  Plot  ^  4e>ws  the  VSWR.  sepnnuely  menudtxed  far  each  resonance,  pketed  against  the  ctvresponding 
nonaabaed  fmqoMcy.  These  pitKs  ire  nnooiaied  wiib  lists  of  the  noniudized  resmiaiu  and  band  edge  frequeucic^  the 
ouncafxauUDg  leicmaw  impeOnneeK  and  reemaltxcd  bondwkifas.  The  radiation  gain  and  phase  are  shown,  in  Pktts  9  and  10 
mspeciively.  ax  a  functkui  of  tmioency  fair  Nnh  polarixatMiiu  at  the  speciAc  tl^  pn*m  xpecifiad  in  the  SIM.main  table. 
Plot  1 1  ibows  various  measures  lor  the  antenna  velncily  factor  which  is  the  ntiiii  of  the  wavelength  of  the  geided  wave  to 
that  of  free  ipaoe.  PkH  12.  usclul  for  amenaas  with  multiple  feed  fsiints.  sbowH  a  minnidUBO  impedance  as  a  luactiun  of 
feed  poioL  The  plois  tut  iitst  two  fugex  show  the  rudinlion  gain  us  a  funciim  of  ektvaliou  (Plots  )3>16)  cuui  aeimuth  angle 
(Pkio  17«20).  respectively,  inr  both  theui  (venical)  and  phi  (tavitoMal)  pnlartuikms  on  both  linor  and  polar  axes.  The 
gain  is  pinned  at  each  oKnaance  and  txvnaipiatding  hand  edge  Iretiuency  with  axiing  by  color,  symbol.  ^  line  type. 

ESP4  Anomaly 

The  ESP4KW  program  mtiixcd  the  EXP4  wdutiim  meihodology  wiiboui  change  tuber  than  the  ahove^iescribed  ure  of 
tmifarm  vahmx  (or  fae  phydcii  and  madwmatinil  aiuidunts.  The  rekidty  factor  of  belica)  and  contrawound  helical  aniemui 
deaMots  was  of  particaliiir  iamant  it>ihe  inveioigaiMio  ilexcnhed  iii  |1).  The  xioulaied  velocity  factor  ot  immoiilar  helical 
elemcmx  was  cnmdsiem  with  experimcatal  meaMiieiKnis.  however  the  simulamd  vekidty  factor  of  biTilar  contrawound 
helical  elcifats  with  antl^syauiietn:  cuneht  mtale  dtsnibmiotts  •  otherwise  similar  in  ptt^.  diameier.  and  lengib  •  was  a 
factor  of  about  two  m  three  times  raster  Umn  that  uciuoliy  mensored.  This  will  he  nqmrted  in  greater  detail  in  a  bier 
puWiOMkm. 

Summary 

The  ESP4fC  simobtinn  tool  b  an  eohnneemeM  of  ihe  O.SI'  ESP4  pcognm.  The  bierarchloil.  ximciurwl  input  ami  output 
fables  provide  a  cnmoKieni  and  easy  to  use  imerface  which  bcUitaies  the  .<dmulaticm  of  a  brood  set  oi  parameierixed  wire 
gecmteiriei.  Uiwr  inputs  are  hi*  to  «  mintmant  acd  are  xcIfsiocumemiBg.  The  pmceduics  and  tables  «e  inherently  open 
called  and  flexiMe,  enahliag  other  paraaetmixed  gerenethex  m  be  readily  defaned  and  sinuiinied  within  the  same  fmmewbrl:. 
The  ESP4K  ttxd  presently  runs  in  a  comNiied  Unix^  and  DOS  cBvinmmeni.  the  later  being  requited  tor  (he  pkHiUtg 
pmgilfn.  A  bmad  set  al  unmiiaied  plies  are  aulranuiically  generated  for  each  ximulidion.  eiuMmg  ibe  user  hi  quickly 
uiuiastand  naay  measiues  of  the  simuiaied  aniennn  embodiment's  pedhrmancc.  The  underlying  EEP4KVy  program  can 
automatically  calculate  resonnni  trequenciex  ami  V<;WR  hundwidth.  and  is  sirticiured  lo  tacililaie  the  delinilion  of  other 
obfeciive  luDokimi  and  the  itiuiefxeniion  of  sefsrate  tiptiinixaikw  pnK’edurcN. 


434 


T<bl»3  l\3\Cii  ESP4/cyv  Output 


■iUiUI 

Oaaerlptlon 

|PI|SlM.n] 

i4im«a 

Copy  of  BSP4XW  list  input  I 

T* 

HECSH 

■K£3H 

Tah 

7M) 

nri  1  111 

Ml 

[ZUtiiZKMI 

mam 

|j 

jp 

BKCSB 

m  'IN  im.* 

IFRIGNAMEl 

T* 

1  1  \]wm 

Ian 

III!  1  11 

T«> 

.ScaNcnng  Fnaiuency  KnexaM :  PlwiJ  Fpn|ucniie.H 

ill  Ml'  PIM 

L'iltLVTKT^B 

-nr- 

iiiiii  \mm 

mtsm 

Win  Ommury  A  Cunem  Mtnle  DisiriNiiuai  | 

iESSHiIB* 

T>bl»  4  BSF4X  Output  Plots 


^•01 

Flat 

Daierlptlen 

A 

1 

3<D  Win  Cieiinary 

i 

Cow  iIimJ  Win  dnmry 

U 

Cum  X  Ovr^iuiini  •  Win  I J 

h 

}.« 

II''.  .iilMce  Fiei|ue»cy  Rapnue  •  Full  Scale,  Fine  Scale 

7 

SnIitOMd 

n 

Vsw« 

c 

9. 10 

RaUiiifkin  CmiWniawr  vk.  Freipancy  (Theu  A  Plk  hOarttailonl 

It 

VclncUy  rauae 

12 

Ruluiw  inpaUnx  lU  nuhiiile  tnd  ptmu 

■J 

13.14 

Ouvaiim  (''jiiM-.'iacU'.  .  TkaWRil  PMniuiiiai.  Limatf  Scih 

IMA 

Ekvaion  Cni»sSaciliNi.  Thetii^i  Polariialkm.  Pnlv  Scale 

e 

P.Itt 

Amnuili  CnM-.Scakn.  'Ihui/Phi  PiUaiuaUna.  Linar  Sale 

19.20 

AzMAotn  Crae.'^Scclion.  1lwu/Pbi  IHilananiloii.  hilar  .Scale 

1 .  VfliVor^ieK,  K.L..  Tfie  Bifilar  Orntrurnttuid  Tontu/al  Helical  Afuerma,  PI1.D.  Dejcenation.  Wejii  Virsinia 

Univenuiy,  Dec..  1993.  (To  hv  {whIisiM  hy  Dniverxiiy  Mtcmtllms  InienuMimul). 

2.  Newman.  EH.,  4  User's  Maemlfitr  the  ElwantmagneiicSurybceHaKh  Cutk:  BSP  VerstmlV.  NASA  AdmiftiMinukm 
CeMcr.  Langley  Rmeaidi  Cenier.  Kumptno.  Va.  )9M. 

3  BinlMdl.  C.Ka  Evertuirt,  T.E..  C»iV**WiiurHl  Helix  Circuits  for  Kisi>*l*o^  Traveling  Wave  Tuhes."  IRE 

Truii.vKli(m.j  on  Eleartm  £!>•.'*.  Oct.  IM.Vi.  l'X^204. 

4  Presw.  W.H.;  Flannery.  B.P.:  Teukolsky,  S.A.;  Veiierling,  W.T.,  Numencul  Recipes  m  C  (The  An  of  Scieiuiftc 
CimpHiingi.  CaoihnJge  lltuveruiy  New  Yorl;.  19K11. 


A  Study  of  Two-Dimensional  Tapered  Periodic  Edge 
Treatments  for  the  Reduction  of  Diffraction  i 
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InombicMam;  THi  paper  pnaeatt  the  retalu  of  a  (mdy  using  tapered  periodic  edge  treatments 
to  ledace  wide  hand  edge  aUbacdoii  bam  a  knife  eOae  for  the  polarization  panllel  to  the  plane 
of  iBridrnrf.  The  tapen  wen  designed  using  the  raiodk  Moment  Method  (PMM)  and  the 
HniieDtaerence  Time  Domain  (FDID).  and  then  ezperimentally  verified. 

The  designs  detciibed  he^  ose  the  capacitive  properties  of  thin  strips  for  parallel 
polariration.  Other  designs  were  boil*  and  tesed  for  the  oithogonal  polarization  using  their 
indnetive  propeniea.  bat  the  reanlts  were  not  very  promising.  Since  the  upers  were  to  be 
iiltimatrly  naed  in  antmnai.  the  tapen  were  design^  and  tested  at  near  grazing  incidence;  the 
measoremen^  were  intended  to  ap^ximate  a  two  diinensional  (2D)  knife  edge  with  plane  wave 
inrideitne  and  a  far  field  ohaervanao  poim. 

The  Debgmi:  The  tapm  were  designed  using  the  PMM  Version  3.0  [1]  for  doubly-infinite 
stnactaies  hosted  on  a  ^  MHz  4MDX.  To  nae  this  code,  local  periodici^  was  assum^  for  the 
taper  design  By  taking  values  along  the  taper  and  assuming  local  periodicity,  the  reflection 
coefficient  was  found  at  a  fanctiaa  of  positioa  on  the  taper.  Due  to  the  8:1  length  to  width  ratio 
required  by  PMM.  the  reflection  coentcicnu  near  free  space  could  not  be  calculated  fot  the 
capacitive  taper. 

For  the  capacitive  taper,  the  ground  plane  edge  was  the  most  difficult,  since  the  challenge 
was  to  dcuelm  a  design  that  badlarie  capacitance  (low  impedance)  over  a  bandwidth  of  2-18 
GHz.  The  reflectioa  coeOicieni  for  the  ground  plane  side  should  be  \ery  close  to  unity  (0  dB) 
over  the  bandwidth. 

The  tapen  were  photo  etched  on  a  10  tnil  dielectiic  substrate  with  a  3  mil  minimum  line 
width.  The  dielectric  substrate  bad  a  dielecttic  constant  of  4.3  over  2- 18  GHz.  The  capacitive 
taper  design  had  a  constant  center  to  center  qtacing  design  with  varying  strip  widths.  To 
incresje  the  capacitance,  this  design  had  a  second  amy  of  thin  strips  on  the  bottom  of  the 
dielecttic  substraie.  The  bottom  array  was  the  same  as  the  top  array  except  that  it  was  offset  by 
half  of  a  Geaier-to<cnaer  tpamg.  as  shown  in  Figure  1.  The  widm  strip  that  bad  a  3  mil  gap 
and  a  large  refleetiob  coefficient  over  the  eariie  bandwidth  was  330  milt  wide,  as  shown  in 
Figure  2.  Thr  strip  widths  were  linearly  tapered  fioin  330  to  3  mils,  with  the  ceoter-to-center 
spndng  fortbe  caparitive  design  being  333  mils.  Two  tapen  were  built.  13  and  30  cm  long. 

The  taper  prod«fc.«d  iBsooanoes  that  occnned  at  approximately  the  tame  position  on  the 
taper.  The  lower  fiequencies  approached  the  leaonance  utter,  and  have  a  mote  gradual  taper,  as 
shown  in  Hgue  3.  At  the  resonance,  the  impedaace  approaches  •«>  and  the  ground  plane  is 
tmactly  matched  to  free  space.  On  the  ground  plane  side  of  the  resonance,  the  reflection 
coefficieat  (in  dB)  decreased  from  0  to  large  neptive  values.  On  the  free  space  side  of  the 
resotiance,  the  reflectioa  coefficient  increased  to-’erd  the  free  space  edge.  The  reflection 
coefficiem  was  still  fairly  low  at  the  end  of  the  taper  over  most  of  the  frequency  range.  The 
ground  plane  interface  was  still  a  scattering  source  for  low  and  high  frequencies,  due  to  low 
reflection  coefficients  and  a  second  resonance,  respectively.  This  taper  displayed  the  bmi 
reflection  and  impednnce  characteristics  of  all  of  the  designs  over  the  frequency  range. 


I  This  wrric  was  supported  by  the  U.  S.  Air  Force  Wright  and  Phillips  Laboratories. 
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Mtasurmnu*:  Since  ihe  goil  of  thti  ttudy  was  to  develop  better  tapering  mechanisms  for 
antennas,  the  tapers  needed  to  be  effective  at  near  grazing  incidence.  To  study  the  effectiveness 
of  the  taper  designs,  a  platfonn  was  designed  to  simulate  an  semi-inTuiite  thin  ground  plane.  To 
minimize  edge  diffractioa  from  the  sides  of  the  ground  plane,  the  AE1>  horn  was  mounted  at  the 
apex  of  a  triangular  plate.  The  triangular  plate  was  then  mounted  on  a  2  inch  Styrofoam 
substrate  for  stability  .  Tbeaouroe  antenna  was  then  mounted  by  a  wooden  bracket  to  the  apex  of 
the  triangle.  Since  the  distance  from  the  antenna  to  the  edge  is  mote  than  5  wavelengths,  the 
plane  wave  incidence  approxiination  on  the  edge  is  valid.  Figure  4  shows  the  setup  of  the 
antenna  pUtfonn. 

The  total  field  was  measured  for  a  variety  of  angles  and  fiequendea.  The  angles  lecorded 
were  bistaiic.  because  the  souroe  was  fixed  for  all  measurements  about  4.7  deg.  from  grazing  off 
the  triangular  gmund  plane.  The  source  bant  was  rotated  to  have  the  E-field  orthogonal  to  the 
loog  edge.  The  hum  was  mounted  on  the  i^ex  of  the  ground  plane  by  a  small  wooden  bracket. 
The  antenna  was  rotaied  to  the  proper  polatuation  atad  then  boned  into  the  wooden  bracket.  The 
taper  was  attached  to  the  Stmfoam  substrate  with  masking  tape.  To  reduce  scattering,  copper 
tape  wu  applied  to  the  imenaoe  between  the  taper  and  the  grou^ 

The  ta^  showed  a  marked  improvement  over  a  bare  edge,  the  hard  edge  diffraction 
from  the  piatform  with  no  taper  was  compared  to  the  UTD  prediction  of  a  knife  edge  with 
incidem  angle  s  4.7  deg.  from  the  ground  plane.  Hguie  S  shows  the  comparison  with  additional 
sratifring  in  the  measured  dsla  over  the  UTD  prediction  of  the  data  kniie  edge,  in  the  region  less 
than  30°  into  the  shadowed  legioe.  Marked  improvemem  is  displayed  in  the  region  greater  than 
300  jmo  tiie  Aadow  region  for  both  die  long  and  thort  tapers.  Figures  7,  8,  and  9  give  the' 
frequency  scans  of  the  cap^ilive  design  at  the  observatioa  angles  90  deg.,  120  deg.’  and  ISO 
deg.  reapmveiy.  The  design  seemed  to  work  well  over  the  bequency  range  S-15  GHz.  which 
agreed  with  the  results  from  Figure  3.  The  liper  did  not  seem  to  be  ^cchve  in  the  regioa  less 
t^  3C  deg.  into  the  shadow  region,  possibly  due  to  the  adtUtioaal  scattering  sources. 

FDID  Mc4tl;  A  2D  TE<z]  FDTD  code  [2. 3],  hosted  on  a  Silicon  Gnphics  worfcsation,  was 
used  to  calculate  the  capm^ve  taper.  To  ensure  that  the  dielectnc  slab  of  10  mils  thick  could  be 
modeled  by  the  code,  itw  ceil  size  was  set  to  0.4244  mm  by  0.4244  mm  which  gave  time  steps  of 
1  psec.  The  dielectiic  constant  for  the  Styrofoam  was  set  u>  1.02  and  the  dielectric  constant  for 
the  photo  etch  substrate  was  set  to  4.5.  The  entire  grid  size  for  the  FDTD  run  was  4300  by  700. 
The  runs  for  this  model  required  over  30  MB  of  RAM  and  several  hours.  The  observation  ingles 
measured  were  90, 60, 30, 0,  -30,  -60,  and  -90  deg.  The  dme  domain  results  were  then  Founer 
Transformed  to  echo  width  using  a  campaniou  program;  see  Rgure  10. 

FDTD  supported  the  meuarements  since  no  nodceaUe  leduciioa  was  made  in  diffraction 
unlil  the  obaervaiion  was  greater  tfasn  30  deg.  into  the  shadow  regioa  in  both  the  FDTD  model 
and  the  measuremenu.  The  FDTD  results  showed  improveaMl  for  the  Icng  over  the  short  taper 
ooly  at  frequencies  less  than  6  CHz.  This  result  agreed  with  the  measaiemenis.  The  type  of 
lapCT  used  (linear,  binomial,  triangular,  etc.)  should  ooly  be  significant  when  the  ta^r  is 
electticalW  shorter.  The  FDTD  results  suggesied  that  the  capacitive  taper  was  effective  in  the 
cange  of  2-13  GHz.  Tlui  lesuli  tended  to  support  the  experiinental  da^  where  the  capacilive 
taper  wat  effective  in  reducing  deep  shadow  fiMS  in  the  fi^iiency  range  of  6-16  GHz. 

Hirtber,  the  t-D  il)  results  showed  additiocal  scaueiing  for  the  no  taper  desi^  in  Ihe  shallow 
shadow  region.  FDTD  was  then  used  to  isoiste  the  sources  of  additional  scanering.  First,  slope 
diffractioa  was  considered,  but  sinoe  the  source  was  a  simple  source,  no  slope  diffraction  could 
occur.  Second,  the  scattering  from  the  2  inch  duck  Styrofoam  was  considered;  FDTD  was  used 
to  determine  the  scattering  as  a  function  of  the  dieleciric  couslaot  from  the  2  inch  thick 
Styrofoam  alone,  without  the  ground  plane  or  lapCT  design.  The  FDTD  results  from  the  dielectric 
suhsttare  alone  showed  coosidmable  scattering  in  the  region  less  than  30  deg.  into  the  shadow 
regioa.  Therefore,  at  least  part  of  ihe  addiiioual  scattering  was  due  to  scattering  from  the 
Styrofoam  substrate. 
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CoadtaUnu:  The  ciper  wu  highly  eHective  over  ■  frequency  nnge  of  6- 16  GHz.  The  uper  did 
heveiefootnces  which  would  produce  diqietnoa  for  a  agnal  in  the  tine  domfin.  Thispiopeity. 
while  unwarned  for  tune  domain  applications,  is  toienble  for  continuous  frequency  appliciitions. 

One  improvement  to  the  taper  would  be  to  change  from  constant  ccnter-UKxnter  spacing  to 
constant  gap  size  Le.  the  length  of  the  gap  between  strips.  This  change  would  provide  a  more 
continuous  taper  design  and  increase  the  bandwidth  of  the  taper.  Another  improvement  to  the 
first  taper  would  be  to  load  the  sfue  edge  of  the  taper.  This  would  reduce  the  scattering 
from  w  free  space  end  of  the  taper.  Another  taper  improvemeni  would  be  to  try  different 
peikidic  geometries  that  cream  capacitive  impedance.  Disciem  capacitive  dements  would  be 
bener  for  bandwidth  and  coadniious  tapers;  however,  them  disciete  elemenu  would  lesoiuie 
and  degrade  time  domain  applicadoni.  Therefom.  depending  upon  the  application,  the  taper 
could  be  improved  in  a  variety  of  ways. 

The  meaiumments  in  diis  smdy  were  bittatic  measuiemenu.  Monosutic  or  backscatter 
metaaremenia  would  also  be  of  interest  especially  for  RCS  teductioo.  Monostatic  roeasuieroents 
would  be  much  eaamr  to  perform  and  wotud  not  lenuite  such  a  large  smictnie  for  measurements. 
Also  monostaiic  measmments  would  not  tequife  me  assumptions  that  were  needed  is  a  bisiaiic 
study.  If  a  titnilar  platfonn  was  to  be  used  in  a  futuie  smdy.  the  dielectric  constant  of 

the  Styrofoam  mutt  be  tneasuied  for  proper  modding.  For  a  dielectric  constant  so  close  to  unity, 
a  cavity  lesonanoe  method  of  measuring  the  dielectric  ccosiant  would  be  needed  instead  of  die 
waveguide  method.  Other  future  amric  would  be  to  attach  the  tapers  directly  to  antennas,  much 
like  edge  cards.  Another  major  ama  of  study  for  these  periodic  tapers  would  he  the  reduction  in 
edge  aeanering  from  a  finim  size  radome.  For  belter  modeling  of  the  ttpers,  singly-peiiodic 
PMM  codes  could  be  used  instead  of  Henderson'aPMM  code.  Tl^  would  allow  the  tapers  to  be 
designed  without  havhig  to  assume  local  periodicity.  To  improve  the  modeling  of  the  platform 
uaing  FDTD.  dm  endte  siracnire.  inriudiag  the  source  antenna,  should  be  modeled  using  a  3D 
total  field  FDTD  code.  This  would  eliroinam  the  plane  wave  incidence  and  the  2D 
ipproximatkina.  By  modeling  the  entire  structure,  the  addiiional  sources  of  scaiieting  would  be 
10 
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Figurt  1.  Taper  design  for  paraUel  poiarwuUm,  with  constmi  center  io  center  spacing. 


Rafivctiort  Confficant  vs  FrsqiMHtcy  (CapacHIvt  Dvslgn  #2) 
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Figure  2.  RefleetumCoefftcient  vs.  Frequency  for  Ground  Plane  Edge  of  Taper.  This 
design  was  for  two  thin  strip  arrays  of  constant  center-io-center  spacing  of 335  mils,  with 
strip  width  of 330  mils. 
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Mflcctiofi  CoaMciant  «a  Langth  of  Tapof  (Capacitiva  Daaign  «2) 
GraundPlani  FfMSpac* 


Top  View 


Flgvt4.  Aiiimna  Platfbnn  used  for  meaturfments. 


Total  FM(l(dB) 


Total  FMd  VS  Asmuth  Angis  (Hard  Polarization) 


AjimMi  Anglo  (dagnas) 

FigmnS.  CtmiparuonirfUTDaiuHlIeasiiritdKttults From  Iht  Knife Eiige,  showing 
additunuil  scasuring  whm  the  obsemaiioH  was  less  Aon  3(P  into  the  shadowed  region. 


Total  Hold  va  Azimuth  Aiigia  (Capacitiva  Daaign  *2) 


Arimuth  Anglo  (digwaa) 

Figure  A.  Azimuth  Cut  of  Capacitive  Design  as  10  GHz  showing  improvement  more  than 
300  jjtto  the  shadow  region. 
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Total  FMd  va  Fraquancy  (Capacitiva  Daaign  «2) 
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FIgmn  7.  Frtqutnty  Swttp  for  Capocilivt  Dtsifn  at  9(fi  into  iht  Shadow  Region, 
thawing  a  10  dB  redueden  over  for  6-16  GHz  at  9Cd  uico  die  shadow  region. 


Total  FMd  va  Fraquancy  (Capacitiva  Daaign  «2) 

2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17 


Figure  S.  Frequency  Sweep  for  Capacitive  Design  at  I20d  into  the  Shadow  Region, 
showing  a  5  dB  improvement  for  6-16  GHz  at  120^^  into  the  shadow  region. 
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Figun  9.  Frtguency  Swttp  for  CopadArt  Detign  at  15<P  into  the  Shadow  Region, 
showing  no  inysrovementjbr  the  entire  frequency  range  at  ISCP  into  the  shadow  region. 


FDTD  Scattofod  FMd  vs  Frequancy 


Figure  10.  Comparison  of  FDTD  Results  for  Taper,  showing  improvement  for  Ae 
capacitivt  taper  detign  up  to  13  CHz.  The  incident  field  was  at  J  TV  end  the  far  field 
observation  angle  was  ■StC’. 
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Application  of  an  Upwind  Leap-frog  Method  for 
Electromagnetics 

Brian  Nguyen  and  Philip  Roe 
Department  of  Aerospace  Engineering 
University  of  Michigan 


1  Introductiou 


Advuoe*  in  the  computation*]  :icienca  of  the  poet  decedee  hove  incieijed  the  (eesibiUty  of  time 
domain  eolutioa*  of  Mexwell'i  equationi.  In  the  lilt  few  yean,  many  etudie*  and  appUcatione 
of  finite  difference  time-domain  (rDTD)  method  have  hem  publiihed.  |3,  1,  5,  6,  8].  FDTD 
wlution*  can  overcome  the  limit*  of  older  methods  euch  at  geometrical  optica,  phyaical  optica  and 
frequency  domaio  methodu.  Theae  limita  are  in  particular,  non-linew  material  letponae,  ultra-high 
fieqnencie*.  oontinuoui  exdtationa  and  wide-band  excataiicas.  Recently  propoeed  tecbnolagie* 
luch  *a  electro-optical  and  ail-oi>tical  device*  demand  aolutiooa  that  cannot  be  given  by  the  older 
metboda  [3].  Benoa  the  time  domain  method*  are  required. 

Three  common  funiliee  of  PDTD  method*  are  the  leap&og  method  [16],  finite  volume  method* 
uaing  Riemann  aolution*  [10,  9],  and  finite  element  method*  [4j.  All  three  method*  ue  currently 
receiving  intereat  and  gaining  improvements.  In  thii  work,  we  apply  a  recently  developed  variation 
of  the  leapfrog  family  of  methods  to  obtaining  FDTD  solutions  of  Maxweli's  equation*. 

The  upwind  leapfrog  (UL)  method  wee  developed  otigineUy  to  improve  time  domain  aolutions 
in  computational  teroacoualic*  [14].  It  addraaaad  the  issue  of  propagating  a  diiturbaaoe  accurately 
and  efficiently,  that  is.  withoot  numerical  diaeipation,  very  little  numerical  dispersion  and  on  a 
cotxie  grid  (with  respect  to  the  spatial  wavelength  of  the  disturbance). 

The  UL  acbeme  work*  equally  *rell  for  Maxwell’s  equation*  in  2D,  where  the  equations  are 
dual  to  the  2D  acoustic  equation*.  In  3D,  it*  practical  implementation  in  a  computer  program  ii 
iligbtly  different. 


2  Upwind  Leapfrog  Scheme 

The  various  ver*ioos  of  the  leapfrog  acheme  used  by  Yee  [16]  and  Taflove  and  Goor3ian  [13, 12, 2, 3] 
all  used  a  centre!  difference  (or  tymmetric)  ipatial  (tencii  (although  varistioas  in  grid  staggering 
were  employed).  Work*  in  fluid  dynamics  have  shown  the  importance  of  treating  hyperbolic  partial 
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n+1 


Figim  1:  Upwiad  lupfnig  lUacil*  ia  1  dimantioD 


differential  equationi  in  an  ‘upwind”  manner  (ae  oppoeed  to  lym metrically  in  space)  when  solving 
them  with  finite-diflerence  methods  (15,  7).  Accordingly,  the  stencil  of  Figure  1  it  proposed  (or  a 
10  (in  space)  systeto.  The  first  stencil  is  used  for  a  right  going  wave,  the  second  for  a  left  going 
wave.  The  leapfrog  scheme  owes  its  dissipation-free  cbwacteristic  to  the  fact  that  it  is  reversible 
in  time.  In  FiguK  1,  the  stencils  are  clearly  reversible.  Using  this  stencil,  a  1 D  Maxwell’s  equation 
it  written,  in  finite  difference  form  as 

»?♦*  •=  f’r,'  -  (2*-  -  i)(o;  -  u;.,]  (i) 

where  u  is  any  cartsaian  component  of  the  charcteristic  variable  vector  G*  w  D  7  and  v  is 
the  Courant  number,  constrained  by  stability  to  be  lees  than  1 .  This  scheme  has  no  numerical 
dissipation.  It’s  nunierical  dispersion  error  is  a  function  of  the  frequency  and  the  Courant  number. 
A  complete  disenssion  of  the  UL  scheme  can  be  found  in  refeence  [14]. 

In  two  spatial  dimensions,  the  situation  is  more  complicated  because  the  direction  of  the  wave 
propagation,  a  deciding  factor  in  upwinding,  can  vary  continuously  in  [0, 2x|,  whereas  we  must  be 
limited  to  a  finite  number  of  discrete  equations.  One  solution  is  to  discretize  the  bicbaracteristk 
equation  along  each  grid  direction  using  the  stencil  in  Figure  2.  In  this  manner,  the  characteristic 
variables  are  required  on  the  cell  interfaces  (faces),  thus  all  unknowns  are  kept  on  the  faces.  The 
resnlting  bicharacteristic  equations  for  a  transverse  magnetic  (TM)  polarization  are  obtained  by 
taking  combinations  of  Maxwell’s  equations: 

<3, 

Upon  applying  the  stencils  of  Figure  2  to  these  equations,  wt  obtain  the  difference  equations 

=  -f::i-')-2v(F:-F*,)-2A«[^]  ^  (♦) 

<3r‘  =  Q?  -  (QU.  -  -  2WW  -  -  2A< 


Fifttre  2:  Upwind  Innpfrng  ttendU  in  2  dimensions 


(«j.,  -  K^l)  -  -  ii?-,)  +  2At  l^r  (6) 

-  57  -  (SJ,,  -  57;,')  -  2WS7  -  57,,)  +  2A<  (T) 

where  Q,  A  uui  ^  tie  the  x  eomponente  of  the  chxrKteriitic  varieble  vector  prop*getiD(  in 
the  -t-x,  — X,  4-y  ud  — y  direction*,  leepoctively.  K ote  the  cm*  term  in  the  direction  orthogon*! 
to  the  pritrtuy  dinctioa,  which  *n*e*  due  to  the  exti*  tenn  in  the  bichuacterittic  equation*.  In 
three  <toeiixioos,  we  get  a  ana*  tenn  in  each  of  the  two  orthogonal  direction*.  The  cm*  tenn* 
are  evaluated  uaing  a  central  difineno:  in  the  appropriate  half-integer  indexed  cell. 


3  Analysis 

An  analyiii  of  the  UL  ichetn*  for  acouitica  i*  given  in  reference  [14].  Here,  we  diicu**  it*  apedfic 
implemeotation  for  Maxwell**  equation*  at  on  a  lUggered,  face  centered  ichenie,  particularly  with 
regard  to  the  atocage  requitemaat.  Indeed,  eoone  agency  i*  lout  when  the  variablea  are  kept  at 
tne  cell  face*.  A  nodal  (or  cell  caoteted),  non  ataggered  achcmcwill  have  6  unknown*  (3  in  2D)  per 
node  and  6  equation*  (3  in  2D).  The  UL  icheine  require*  that  at  each  face  we  itore  the  tangential 
component*  of  the  magnetic  and  electric  field*.  Tbi*  giv**  four  unknown*  per  face  in  3D,  which 
ii  twice  a*  many  unknown*  per  cell  a*  a  nodal  icliema  For  a  2D  problem  the  factor  ii  j. 

When  we  diacretiie  the  field  with  (*ay)  Af  w  g  grid  apadng*  per  wavelength  and  we  atore  | 
time*  mote  unknown*  than  the  unataggeted  nodal  icheme,  a  problem  that  required  n  x  n  units 
of  ttorage  now  require*  |n  x  n  imita,  to  that  the  storage  requirement  per  waveleitgth  ia  not  8, 
but  8^1  w  9.24.  In  3D,  the  requirement  would  be  8-$^  a  10.08.  This  implie*  that  the  naive  ID 
meaaute  of  efficiency  were  aligbtly  optimistic.  However,  reaolution  of  the  wave*  can  still  be  done 
significantly  more  efficiently  than  it  can  be  with  the  original  leapfrog  scheme. 
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4  Boundary  Condition 

4.1  Image  Grid  Elements 

To  implement  certiin  boundtty  conditions  in  »o  upwind  scheme,  it  is  useful  to  set  the  field  just 
outside  the  campuUtion&I  domsin  nnd  let  the  upwind  scheme  icparete  whet  information  is  allowed 
to  propagate  inward  and  what  information  is  ignored.  This  method  simplifies  the  incidence  and, 
in  some  cases,  the  exit  boundary  coeditiona.  It  also  allows  the  boundary  faces  to  be  included 
in  most  loops  without  special  treatments.  We  lefet  to  the  first  face  outside  the  computational 
domain  as  the  image  fam.  Likewiac  the  first  cell  and  the  first  point  are  the  image  cell  and  the 
image  point. 


4.2  Perfect  Electric  Conductor 


At  a  perfect  electric  conductor  (pec)  turface,  any  wave  hitting  the  surface  is  completely  refiectcd. 
We  think  of  this  u  having  the  wave  penetrate  the  surface  while  another  emergae  such  that  the 
resulting  electric  field  on  the  surface  is  sero.  The  two  waves  are  shown  in  Figure  3  where  the  O' 
wave  is  the  former  and  the  O'*'  wave  it  the  latter.  Denoting  the  conditions  outside  the  pec  with 
superscript  ‘i*  and  the  condition  inside  tbs  pec  with  superscript  V,  we  have  by  definition 


G“  w  D’  +  -  ' 

c 


G*  »=  D'  - 


nxH' 


The  electric  displacement  on  the  turface,  obtained  from  these  characteristic  variables  are 


(8) 

(9) 


D  -  G*  +  O' 


(10) 


Thus  the  aero  electric  tangential  electric  field  amounts  to  requiring 

G*  -  -G,-  (H) 

where  the  subscript  *t”  denotes  the  components  tangsntial  to  the  boundary.  This  completely 
specifies  the  imaginary  lor  refiected)  wave  at  the  boundary  of  a  pec. 

This  method  applies  to  the  total  (incidence  and  scattered  field).  When  the  acattered  field 
equations  are  solved,  the  siJution  is  converted  to  the  total  field  befoi':  applying  this  boundary 
condition. 


4.3  Outer  Bouadary  Condition 

A  very  simple  method  for  treating  the  outer  boundary  faces  so  that  waves  exiting  the  domain 
are  not  reflected  is  to  set  the  image  faces  to  a  sero  field.  This  method  works  very  well  when  the 
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Fignre  3:  Inddenee  aad  leBeeted  wave*  at  a  p.e.c.  lurface 


wave  is  traveliag  oonnal  to  the  boundary  but  generates  some  refleetion  when  the  angle  is  oblique. 
In  the  U  shaped  channel  problem  below,  there  are  strong  waves  exiting  the  boundary  at  oblique 
angles.  For  this  problem,  the  image  face  method  was  not  used  on  the  outer  boundaries. 

The  outer  boundary  for  the  channel  problem  it  treated  as  follows.  For  a  wave  traveling  at  an 
angle  of  0  with  reqrect  to  the  normal  at  the  boundary,  a  simple  plane  wave  assumption  leads  to 
the  following  fields  (assuming  the  boundary  surface  normal,  n,  points  along  +x): 


w  ffxcotd-t-ysind  — ct)  (12) 

B,  s  — Zsind  f(xcosd  y  tind  -  d)  (13) 

B,  =  2co*df(*eosfi  +  ysinfi  —  cl)  (14) 

By  differentiating  with  respect  to  z,  y  and  1  the  results  can  be  combined  so  that  the  unknown 
angle  $  drops  out,  leaving 


(15) 

(16) 


As  written,  these  equations  are  true  of  any  wave  leaving  the  domain,  but  false  for  any  wave  that 
is  eutering.  It  is  the  sign  function  that  discriminates  between  the  two  cases.  For  the  specified  a 
and  the  face  centered  scbei-ie  used,  no  equatimr  for  B,  is  necessary.  The  variable*  on  the  outer 
boundaiies  are  then  integraU.d  according  to  them  relations. 


This  boundary  condition  was  used  in  all  2D  results  in  this  work,  where  it  performed  quite  well. 
Unfortunately,  its  extension  into  three  dimensions  has  not  been  done  at  this  point. 

1:  should  be  noted  that  a  good  non-reSecting  outer  boundary  condition  is  highly  desirable, 
especiiklly  for  a  non-dissipative  scheme,  such  as  this  one.  Usually,  the  dissipatior.  in  the  other 
rchemes  help  to  damp  out  the  small  reflections.  Such  a  mechanism  is  not  available  here,  and 
reflections  between  outer  boundaries  can  build  up  very  fast. 
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Figure  4;  Geometry  end  grid  of  U  theped  channel 


4.4  Incidence  Boundary  Condition 

AU  incidence  boundary  conditions  in  this  work  ate  treated  by  setting  the  image  faces  to  the 
incident  field.  The  upwind  scheme  then  allows  the  incident  waves  in  but  simultaneously  allows 
the  interior  waves  to  exit  (to  a  certain  degree,  as  noted  in  Section  4.3).  For  the  solutions  of  20 
and  30  beams  in  Sections  5.2  and  5.3,  this  allows  the  surface  of  the  boundary  on  the  side  of  the 
incidence  wave,  but  outside  the  beam,  to  act  as  fat  field  boundaries.  At  noted  in  Section  4.3, 
waves  approaching  the  boundary  at  an  oblique  angle  do  experience  significant  reflections  with 
this  treatment,  but  for  the  problems  of  Sections  5.2  and  5.3,  the  waves  doing  this  have  very  low 
strengths. 


5  Results 

5.1  U  Shaped  Channel 

The  two  dimensional  result  of  a  binnonic  plane  TM  wave  incident  on  a  perfectly  conducting 
U  shaped  channel  is  considered.  The  geometry  of  the  problem  is  shown  in  Figure  4.  The  grid 
spacing  was  h  1  for  the  geometry,  and  the  wavelength  A  w  10.  The  channel’s  outer  dimenrions 
are  42  X  12  and  its  wall  tbicknen  is  2.  The  grid  size  tras  127  x  97  leaving  about  4?  cells  between 
the  body  and  the  outer  boundary.  The  wavelength  of  the  incident  field  was  10.  The  inddeat 
plane  wave  was  inclined  at  a  -  30*  srith  respect  to  the  z  axis.  The  scattered  field  equations  were 
solved. 

The  problem  was  integrated  forward  with  v  w  .3125  (although  the  stability  limit  in  two  dimen¬ 
sions  is  v  c  .5)  in  o.der  to  have  one  wavelength  passing  each  point  in  exactly  32  time  steps.  This 
was  done  only  to  have  the  right  sampling  cate  (or  conversion  into  a  frequency  domain  solution  via 
a  fast  Fourier  transform  (FFT). 

The  frequency  domain  solution  was  used  to  compute  the  radar  cross  section  (RCS)  of  the 
channel,  using  the  definition  of  the  RCS,  and  the  fatfield  solution  can  be  obtained  from  the 
nearfield  numerical  solution  using  the  Strattoo-Chu  integral  |1 1]  'jud  equivalence  principlrs. 
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The  coatoun  chocen  for  the  integr*!  were  Uken  et  severtl  pieces  in  the  grid  in  order  to  test 
the  accurscy  with  which  the  waves  are  propagated.  Ideally,  there  would  be  no  difference  in  the 
results  of  the  RCS,  but  because  the  disturbances  are  specified  on  the  body,  are  feel  that  placing  the 
contour  near  the  body  does  not  sufficiently  test  the  scbiaiie.  Any  difference  between  the  computed 
RCS  of  the  close  or  Ur  cootours  are  assumed  to  be  prinurily  due  to  errors  incurred  in  the  wave 
propagation. 

The  results  for  i  different  contours  ace  shown  in  Figure  5.  The  first  contour  was  taken  on 
the  outer  boundary  and  each  suosssive  one  was  taken  10  cells  inward.  The  contour  closest  to 
the  body  actually  coincided  with  the  back  end  of  the  channel.  All  but  one  of  the  curves  agree 
(generally  within  about  .IdB).  The  exception  is  that  for  the  contour  on  the  outer  boundary.  The 
difference  there  may  be  partly  due  to  the  boundary  being  ireated  differently  from  the  rest  of  the 
computational  domain. 
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Figure  6:  Near  field  eieetric  field  difbacted  through  adit 


S.2  Two  Dimeiuioiial  Coheroot  Beam 

The  pteaeat  Kbane  waa  naed  to  cmpute  the  near  field  of  coherent  light  emerging  frcen  a  alit 
align^  in  the  <  direction.  One  half  of  the  aTmoeuie  field  traa  computed  on  a  111  u  91  grid.  The 
dieturbanee  had  a  wave  length  of  A  »  g.  The  half  width  of  the  alit  waa  20.  The  integratioo  waa 
performed  at  »  w  .4,  not  at  the  itahility  limit  of  f  w  .5,  where  there  ia  no  diapenioa  error  [14). 

Figure  fi  fhowa  the  diatrihutioo  of  D,.  The  cootoura  of  figure  (  ihawa  that  the  far  field 
boundary  condition  of  Section  4.3  worfca  quite  well.  (The  far  field  bovadery  condition  of  aetting  the 
image  facer  to  a  aero  field  haa  beao  aaen  to  reflect  half  the  wave  amplitude,  for  wavea  approaching 
the  boundary  at  around  49*.}  The  non-diitipative  cbara<.teriatic  of  the  adieine  can  be  aecn  in  that 
Che  beam  ia  not  being  damped,  m  en  though  the  grid  ia  very  coane  compared  to  the  roundnem  of 
the  wave  create. 
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FtguK  7;  Rouod  &p«rtui«  problem 


5.3  Three  Dimenaioaal  Coherent  Beam 

The  three  dimeoiioiui  sdieme  wu  uted  to  compote  the  neer  fidd  of  »  uniform  coherent  beem  of 
ciTGuUr  cieei  eectton  (Figure  7).  Due  to  (ymmetry,  it  ii  only  aecenuy  to  nmuUte  a  quarter  of 
the  beam.  For  tbit  problem,  the  grid  ipaciag  trte  A  ■  1;  the  wave  length  waa  A  s  8;  and  the 
radiut  of  the  beam  (before  diftacting)  waa  2A.  The  grid  aiae  wu  32  x  48  x  48.  The  aolution  wu 
integrated  at  v  a  .4. 

For  all  the  boundariea,  tbe  cooditioaa  on  the  image  facue  were  ret.  The  incidence  field  boundary 
condition  of  Section  4.4  wu  uaed  for  tbe  bonodaiy  at  m  nimnm  x.  For  tbe  bouodaiiu  at  minimum 
y  and  mininuun  a,  the  imaga  were  aet  to  tbe  the  conditiooa  immediately  intide  the  domain  to 
timulate  tbe  aymmettk  half  of  the  beam  on  tbe  other  aide.  AU  other  boundariu  arc  outer 
boundariu,  and  there,  the  image  Caou  VNse  aet  to  tbe  aero  fidd.  Although,  w  noted  in  Sectioo 
4.3,  thia  type  of  outer  boondaiy  did  not  work  wdl  when  there  wu  a  atrong  wave  exiting  tbe 
domain  at  an  obliqtM  angle,  that  it  not  the  caee  here.  The  atrong  part  of  the  fidd  ia  in  tbe  cate, 
which  ia  exiting  at  the  normal  angle.  Newarthelau,  due  to  tbe  unavailability  of  a  teliahla  bz  field 
boundary  condition  at  thia  point,  only  100  iteratioaa  were  taken  to  avoid  reflected  wavea  fium 
poaaibly  building  up  inaida  the  domain.  After  100  itarationa,  there  are  no  viaible  redectiona. 

The  magnitudea  of  D,  B  and  E  x  H  are  abown  in  Figuru  8, 9  and  10.  It  abould  be  noted  that, 
for  tbe  putpoee  of  plotting  tbe  data,  all  face  cantered  quaatitiu  have  been  averaged  to  the  cell, 
where  than  all  componenta  of  D  and  B  could  be  made  available. 

Figuiea  10  and  11  ahowa  that  the  atrongcat  wavde  are  in  the  core  and  exiting  the  boundary  at 
reaaonahly  normal  anglu.  Outaide  tbe  core,  tbe  atrengtha  of  tbe  wavu  an  negligible,  in  tegaida 
to  producing  ncogniiabie  leflectioaa.  Thu,  &om  thia  at  leut,  the  tar  field  boundary  doa  itet 
appeu  to  be  inttadaciag  aignificant  errara. 


6  Summary  and  Conclusions 

The  upwind  leapfrog  method,  a  soO'ditsipative,  low  ditpenion  error  tcbeme  was  applied  to 
Maxweirt  equation  in  2D  and  3D.  The  tcheme  performed  well,  ho¥reveT,  at  this  point,  few  quan¬ 
titative  comparisons  was  made. 

It  was  found  that  due  to  the  lack  dissipation,  waves  reflected  back  from  far  field  boundaries 
can  cause  problems  ss  they  build  up  inside  the  domain.  A  far  field  boundary  condition  based 
on  the  assumption  of  a  tingle  eadting  wave  waa  tcated  and  perfocxncd  quite  well  in  2D,  but  a 
3D  extensioo  is  not  yet  available.  However,  simpler  far  field  boundary  conditions  make  workable 
substitutes  if  the  eaoditkRis  for  strong  rsfiactioiis  from  far  fitld  boundaries  are  not  prssent. 

In  the  future,  we  plan  to  develop  less  leflectivs  boundary  conditions  for  use  in  3D  and  to 
compare  the  results  of  this  scheme  to  other  analytical  and  numerical  solutions. 
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1  latrodncdoa 

'Xliis  paper  genenlizet  the  concept  of  linear  nipeipoaitkn  ftoni  circuit  theory  to  3-D  FD-TD 
soiutiona  to  Maxwell'i  equatioas.  The  linear  npetpoaiiioa  principle  is  applied  to  FD-TD- 
ndiation  penemi  of  two  ipecific  pbai^  array  aniennai  uaed  in  electroinagnetic 
hyperttennk.  The  fitit  is  the  BSD  Sigica-60  amtlar  pbaaed  array  designed  to  beat  cincemus 
unon  «twp  witliia  the  body.  The  tecond  is  sn  sxperinaaail  ptnuiype  device  in  use  at  Lincolo 
Labotamcy.  It  is  a  non-invasive  monopote  piiaied  array  deaipied  to  heal  cancerous  iiimon  nesi 
ite  surthce  of  the  skin.  It  is  believed  that  the  lineai  wperposiriao  technique  has  broad  a|S>licationi 
in  FD-TD-baied  paiaera  sytahesis,  adaptive  nulling,  and  design  of  phased  anay  synenu. 


2  Unaar  SaperporiHan 

Maxwell'i  equatioa  ate  lineai,  the  resuliani  field  disnibuiioii  of  any  antenna  array  with 
all  array  eleinem  radiatiiig  in  a  linear  toedhnn  can  be  thought  of  as  the  linear  superposition  of  the 
field  discribaiioni  due  >o  each  ekBrnt  radiating  individually.  The  dentonsattian  of  the 
principle  his  not  been  rigorously  lapotted  in  the  IHetannc  for  numerical  sinulatiou 


4S9 


of  tbe  ftill  3-D  vector  Mexwell'i  equettons.  Sullivan  [I]  qualitatively  describes  a  superposition 
procedure  in  tlic  context  of  FD-TD  simulations.  However,  given  the  date  of  his  paper  (May 
1991),  it  is  clear  that  he  did  not  employ  resistive  sources  in  his  T  '-TD  model  (which  were 
developed  approximately  2  yean  later  ^1).  Therefore,  Sullivan's  supetposition  treatment  does  not 
have  the  rigorous  flavor  of  the  aiotl:  lepcned  here 

The  basic  procedure  oonsisa  of  exciting  one  amy  element  using  a  recently-developed 
tteisdve  source  IM  repreeematiae  (2].  The  remaining  elements  are  unexcited,  but  loa^  with  the 
nominal  generator  source  hmedanrr.  Neat-filed  dau  ate  stored  for  this  tun.  This  procedure  is 
repeated  tat  each  amy  eletntint.  Thus,  an  anay  with  I  etaments  would  requite  8  separate  FD-TD 
rune.  A  subeequant  poet-pcocesaiag  step,  not  isquiring  a  Cny  FD-TD  tun,  would  merely  scale 
each  set  of  stor^  data  by  an  arhitraiy  magniniilr/phase  distribution,  and  then  transform  to  the  for 
field  (if  desired)  for  the  radiated  paliem.  In  this  manner,  literally  hundteds  of  amplitude/phase 
lepers  acroes  the  phased  amy  could  be  quickly  examined.  Or,  a  synthesis  piocedute  involving 
adaptive  nulling  techniques  (31  could  be  usIkI  to  optimally  provide  the  magninide/phase  uper.  It  is 
believed  that  this  linear  supetpositiqn  approach  employing  tesistive  sources  is  novel  relative  to  FD- 
TD  modeling. 


3  Sonne  Hepreaenlalian 

Two  diflietent  source  representations  were  investigated  with  regards  to  the  linear  supetposition 
wchnique.  These  are  dtaciibed  bctow. 

The  initial  aource  coaaideted  it  the  'bard  source.*  This  source  forces  a  specified  field 
camponeai  ihai  exches  an  «—«»««  ekmens  to  hive  a  desired  sinusoidal  or  impulsive  tinie 
at  any  ihne  nep.  regardless  of  anything  else  bippening  in  the  FD-TD  grid.  The  baid 
lource  it  tnalofout  n  the  ideal  vottage  eource.  lluu  is,  it  has  a  zero  source  UnpedatKC  and  can 
(cwroc  H  power  tagardkss  of  the  load  diet  is  placed  on  it. 

The  acGOud  aource  consideiad  is  ifae  teslsiive  source.  This  sfaaulitet  a  inie  physical  source 
having  a  finte  sauna  impadatKc.  It  mnnoi  supply  power,  and  its  output  voltage  is 

dependent  on  the  load.  The  following  modified  nVTD  deciric  field  update  expreuioiis  were  used 
for  the  oliciric  field  cnmpimanu  iqa firming  a  y-dhected  resistive  louice  [2].  Here.  V,  is  the 
louroe  volagi  term  or  dm  forcing  foneden: 


C.fmivr'" 


(I) 
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In  ''  s  case  the  coefficients  C^,  C),,  and  Cc  are  as  follows; 


1  At 

C  I  a 

2®i,j.k  2R,t|jj,Ax 


At 

^I.J.lc^  _ 

2R,c^j^Ax 


At 

cl 

, ,  "utAi  ^  at 
2*ija  2R,e|j,kAx 

where  R,  is  the  resistance  in  ohns  of  the  resistive  voli^e  rowtc. 


(2a) 


(2b) 


(2c) 


4  DemowtrnMoo  of  Superpoeiiioo  of  Ibe  n>-TD  Cumpoted  IkMt 
of  the  Signn-SO  Using  Hard  Soorees 

The  BSD  Sigmi-dO  bypettbetmia  syaaesa  (1]  has  four  mpUflen  each  driving  a  pair  of  44<n)  long 
filled  dipoie  iwrnnai  radiating  in  the  freqaeacy  laage  of  dO  lo  120  MHz.  The  eigbt  dipole 
amennii  are  equally  spaced  around  a  60^  dianeter  clear  pliMk  inaulus  and  ije  phased  to 
pmvMe  cousmiccive  intcrferencs  of  the  energy  deep  inaide  the  body  of  a  padeot  centered  in  the 
annulus.  Energy  is  coupled  from  the  imewt  to  the  penenl  via  a  water  bolus  filling  the  space 
between  the  ptask  aaauhu  and  ibe  pedeat.  For  the  caae  of  our  3-D  FD-TD  sinailatioas,  a 
piniaaiii  model  is  need  in  place  of  (he  padent. 

The  following  results  show  that  uneaeited  bmd  sounes  in  the  FD-TD  grid  must  be  short 
circuited  (or  the  superpocition  principle  to  bold.  Figute  le  shows  the  coopuied  electric  field 
pattern  in  a  mnvcrie  plane  thrwgh  the  Sigma-dO  Oks  results  aftir  two  cycles  of  equal-magnitude 
and  zero-pbAse  haid-source  euiiaiion  is  simulianenusly  applied  to  ill  4  dipole  pain  of  the  Signii- 
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(a)  M.1  applicafatjra  aiicltsd. 


(b)  Mdiklva  Supaipolition, 
but  unbxcltad  applicators 
opan>clrcult«d. 


(c)  waitlv*  supwpesttion, 
aaaa  a>  (b),  cut  wagccitad 
applicatora  atiort>circuit«d. 


B-miTO-TO  decTC  fl*W  dWtHMW*  in  H*  tnnivme  plane  of  ifce  Sifnu^ 

ConoKtoSTS^twotatoaUapiiUeiawettiiidW^ 
ftSSTw  teUviitaal  ippl**»n 


60.  (This  is  uoi  u  the  sinusoidal  steady  stale;  however,  it  is  sufflcient  to  demonstrate  the 
superposition  principle  usis(  the  FD-TD  method.)  Figure  lb  shows  the  results  for  the  summation 
of  the  FD-TD  computed  electric  field  pattertts  of  4  runs,  where  each  run  represents  the  field 
distribution  alter  2  sinusoidal  cycles  of  exciution  of  an  individual  dipole  pair  while  the  three 
unexcited  dipole  pairs  ate  left  opeiMircuited.  Figure  Ic  shows  the  computed  electric  field  pattern 
corretpoDdi^  to  the  case  of  Figure  lb,  with  the  exception  that  the  dipole  pain  have  their  center- 
gaps  short  circuited.  It  ia  clear  that  Figs,  la  and  Ic  ate  very  similar.  In  hct,  detailed  analysis  of 
the  dan  imllcatra  point-by-point  agtcement  of  the  fields  of  Figs,  la  and  Ic  to  3  decimal  places. 


5  DcnuMiatmUciiafSapcrpoaitloBorihcFlt-TDCeaapiitMiFleldi 

of  Use  Moaiopole  Pinned  Amy  Uaiag  Keaislive  Sourcae 

Here,  the  goal  of  our  simulations  is  to  provide  theoretical  support  for  the  experiments  performed  at 
Lincoln  Laboratory  in  phssed-amy  technology  for  EM  hypenhetmia.  'iliesc  experiments  ate 
designed  to  focus  a  mooopole  phased  array  (MPA)  to  a  point  2.3  cr:  deep  in  a  muscle  phantom. 

The  913-MIb  motupolc  phased  array  la  shown  in  Figure  2.  It  comiats  of  a  semiclicuiar 
metal  disk  hollowed  out  to  fottn  a  cavity  for  8  active  moocpok  elemems.  The  disk  has  an  outer 
radius  of  10.39  cm  and  an  Inner  radius  of  9.32  cm  giving  a  wall  ihickncu  of  1.27  cm.  The  cavity 
can  be  viewed  as  a  pinllel-plaie  waveguide  region  (top  and  bottom  plates  of  the  disk)  with  a 
conducting  back  wall  for  the  purpose  of  focasing  the  energy  from  the  mdiating  elements  towards 
the  apeitum  of  the  applicator.  The  conducting  back  wall  hu  a  constant  arc  radius  of  9.32  cm. 
The  aperture  is  2.34  cm  wide  by  18-64  cm  long.  The  8  active  eiemenis,  each  1.27  cm  long, 
penetrate  through  holes  in  one  of  the  petallel  plates,  ate  poshiciied  on  an  arc  of  radius  of  8.66  cm 
centered  at  the  center  of  the  housing  diik. 

The  cavity  regiun  of  the  bauting  of  the  monepok  array  applicator  is  filled  with  low-loss 
deionized  or  distilled  water  to  provide  impedance  miicbing  for  the  active  array  ekmetts.  The 
applkator  b  sealed  with  a  solid  dielectric  cover.  The  rnnick  phimom  U  shows  schcsneticelly  in 
Fifuie  2b.  It  U  a  13  X  36  X  13  cm  box  coniainini  a  laline  sohitioa  having  relative  dielectric 
comtant  tr  ■  30  and  eketricai  conductivity  o  •  1.3  S/m. 

The  foUowing  results  for  the  MPA  show  the  validiiy  of  the  linear  supespoeitiOD  coiKepi  for 
FD-TD  siinuUiions  with  resistive  sources.  Figure  3  shows  FD-TD  cosnpused  ekcnic  fields  along 
an  H-piane  cut  parallel  to  the  ipcrniie  of  the  MPA  and  2.34  cm  deep  within  the  phantom.  The 
squares  depict  fields  for  the  pbue-focused  run  wherein  all  ekments  are  excited  with  a  phase 
distribution  selected  to  obtain  hewiin  at  (he  2.34-cm  depth.  The  clicks  depki  the 

.•j'jwapnmtnn  dta  poirts  for  the  lineariy  supeiimpuied  resulb  of  8  luiis,  udtere  each  nin 
simukled  the  exekation  of  ooiy  one  element  it  a  lime,  knving  the  7  other  ekmems  unexcited  but 
tenninMed  in  30  D.  There  b  excellent  igieemeni  of  the  two  results  even  at  the  depths  of  the  -30 
dB  nulls. 
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(b) 


Figure  2  Schemitic  repraemtioa  of  <be  monapole  pbued  amy  applicator  showing  the  locations 
of  the  8  active  anay  ekmeots  (a).  Schematic  represenution  showing  the  dimensions  of 
the  muscle  pbinunn  material  inside  the  ple»^  comainer  with  the  monopole  phased 
amy  applicator  poaitioned  below  (b). 


464 


Supoipoinkxi  and  Phase  Focusing 


6  ConduAm 

This  work  showed  (bit  cbe  concept  of  lineii  superposition  can  be  generalized  froiii  circuit  theory  to 
3-D  FD-TD  simuistioRS  of  phased  amy  antennas.  The  presence  of  generator  source  resistance  is 
accoumed  in  a  tmightforwaid  manner.  It  is  believed  that  the  linear  superposition  technique  has 
broad  appUcadoas  In  FD-TD-based  pattern  synthesis,  adaptive  nulling,  and  design  of  phased  array 
syicemt.  this  procedure  will  be  applied  to  a  linear  array  antenna  consisting  of  8  ctossed-pair 
Vivaldi  flared  hun  antenna  elentents  in  the  near  Aiture. 
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Radiation  and  Scattering  from  Curved  Surface 
batterers  with  Stair-Cased  FDTD 

H.  Scott  Lugdon*  and  Kayxnasd  J.  tuebbers 
The  Peuniylvania  State  Univenity 
Univenity  Park,  PA  16802 

Heaulta  tar  FDTD  calculationa  of  radiation  and  leatterina  for  loinr  2  and  S-dimeaaiooal  canoni¬ 
cal  acattacera,  with  curved  luitaoea,  will  be  preeented.  The  objecU  ate  meahed  uiing  atair  itepped, 
cubical  FDTD  cclla.  The  FDTD  reanlta  we  compared  with  accepted  valuea. 

The  authora  hope  to  thow  that  with  care  in  meahing,  the  standard,  almple,  cubical  FDTD 
nteeh  can  yield  good  renilti  for  many  ahapei  which  include  curved  aurfaces,  at  relatively  low 
reaolution,  20-30  ceUa/A. 

An  examination  of  cylindrical  and  aphetical  objeeta  meahed  with  different  diameters  rhoa'a 
ntarked  changei  in  accuracy  with  a  reaolution  change  of  only  a  few  cella/A.  Comparative  results 
svith  a  2-dinkenaional  cylinder  clearly  show  this  change  in  accuracy. 

It  is  poeaihle  to  help  account  for  the  effects  of  partial  filling  of  a  cell  volume  by  a  dielectric 
acatterer  by  setting  the  oooitituitive  parameters  for  that  odl  to  a  value  between  the  values  for  the 
object  and  free  apace.  A  simple  linear  interpolation  cpf  the  censtituitive  parameters  is  shewn  to 
improve  the  results.  Some  exarrples  of  curved  and  tilted  surfaces  are  given  which  demonstrate  this 
improvemmt.  More  accurate  determinatiun  of  the  constituitive  parameters,  baaed  on  boundary 
oonditioiu  for  the  E  and  H-fields  give  better  results. 

Moat  of  them  teehniquea  are  simple  and  straightforward  to  use  vHth  a  typical  FDTD  code. 
Computer  time  savings  over  mote  complicated  methods,  due  to  fewer  computations  per  cell  and 
to  fewer  cells  needed  for  a  given  object  may  allow  more  intricate  geometries  to  be  modeled  on  a 
^v«n  computer. 


Input  Impedance,  Radiation  Pattern,  and  Radar  Cross-Section  of 
Spiral  Antennas  using  FDTD 


Chriftophcr  W.  Peiuie3r*  and  Raymond  J.  Luebben 
Depaitocst  of  Eleetrieal  EngiseeTing 
TIm  Fenniylvaaia  State  Univenity 
UniyenityPark.PA  16802 


Abstract 

A  Finite-DiSerence,  Time-Domain  (FDTD)  analyaU  of  leveial  spiral  antennas  was  performed 
to  calculate  input  impedance,  antenna  gain  and  scattering  pattens.  Broadband  input  impedance 
calCTlatioms  were  pei formed  oe  an  equiangular  spiral  slot  antenna  and  compared  to  measured 
remits  [1],  Data  from  Finite  Element  calculations  (2,  3, 4]  of  a  square  Archimedean  spiral  with  a 
cavity  badtirg  was  uaed  for  comparison  to  FDTD  radiation  gain  pattern  and  RCS  versus  incidence 
angle  cEunputationi. 

Introduction 

FDTD  input  impedance  calculations  -were  performed  using  a  computet  code  developed  at  the 
Pennsylvania  State  Uluvenity  (PSD).  This  code  uses  a  total  field  formulation  and  approximates 
the  feed  of  the  antenna  by  applying  an  electric  field  between  two  input  terminals.  The  input 
electric  field  and  resulting  loop  of  magnetic  fields  are  saved  by  the  FDTD  program  and  the  input 
impedance  is  found  by  Fourier  Tmruteming  these  values  and  dividing  them.  This  gives  the  input 
tspedanoe  over  a  broad  frequency  range,  oaoenary  when  dealing  with  spiral  antennas. 

The  equlnsfular  spiral  slot  antenna  used  for  the  input  impedance  calculations  has  an  atm 
ksgth  of  42.3  cm  and  a  rate  of  expsasian  of  30.3  cm/tadian.  The  foodpoint  separation  is  0.5  cm 
sad  the  ratio  of  the  inner  to  outer  radu  of  the  aims  is  0.75.  The  FDTD  appioxiitutioo  of  this 
antenna  usee  cntncal  cells  meisuring  0  1  centimeters  on  a  side  for  a  rodution  at  the  maximum 
frequency  of  40  oslli/waveleagtb.  The  input  impedance  for  the  antenna  has  been  measured  to  be 
approximately  80  -f  jO  fl  over  a  frequency  range  of  O.TS  to  2.5  GHx  [1].  A  modulated  Gaussian 
pulse  was  used  as  the  input  wavefatm  for  the  FDTD  simulation  so  that  the  spectrum  of  input 
frequenctes  would  span  the  entire  operating  range  of  the  antenna  without  introducing  frequencies 
below  the  low  frequency  cutoff.  This  wes  necessary  to  avoid  energy  being  trapped  on  the  antenna 
and  causing  unwanted  resonances. 

The  antenna  used  for  the  FDTD  radiation  and  scattering  computations  was  a  2.8125  cm  square 
Archimedean  spiral  antenna  mounted  in  e  large  conducting  ground  plane  above  a  cavity.  The 
cavity  wai  both  air-filled  (0.9375  cm  deep)  and  absorber-filled  (2,7375  cm  deep  with  a  0.9375  cm 
sepuatioa  layer  below  the  antenna  and  three  0.6  cm  thick  layers  of  absorber).  Further  calculations 
were  performed  on  the  absorber-filled  cavity  configuratioD  with  1.0  D/squaie  and  5.0  fl/square 
resistive  sheets  covering  the  aperture  of  the  antenna.  The  FDTD  approximatioD  of  this  antenna 
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lucd  cubical  celli  measuring  0.09373  cm  on  a  jide  for  a  minimum  resolution  of  70  cells/wavelength. 

A  timestep  of  1.8  ps  (also  the  Coursnt  limit)  <sss  used  for  all  FDTD  calculations  on  this  antenna 

Results 

The  FDTD  faedpoint  current  calculated  on  the  equiangular  spiral  antenna  used  for  the  impedance 
results  was  omnpletely  converged  after  1300  timesteps  with  the  timestep  sin  at  the  Courant  limit 
of  1.93  ps  (Figure  1).  The  resulting  impedence  plM  varied  slightly  from  the  measured  values 
(apptogdmately  180  +  JO),  but  did  display  the  broadband  behavior  desired  (Figure  2).  The  FDTD 
radiation  pattern  calculations  used  the  same  total  Add  formulation  of  the  input  impedance,  but 
the  far-sane  radiation  pottema  wen  calculated  by  saving  the  complete  time  record  of  the  tangen¬ 
tial  electric  fields  in  the  aperture.  These  aperture  electric  fields  am  then  Fburier  transformed  to 
give  the  complex  tangential  magnetic  currents  in  the  aperture.  These  currents  can  then  be  used 
to  compute  the  radiation  gain  pattern  at  any  frequency  in  any  plane  above  the  ground  plane  of 
the  antenna  [5].  Figure  3  displays  FDTD  results  for  the  radiation  patterns  in  the  d  plane 
(diagonal  of  the  square)  of  the  alr-filied  cavity  backed  antenna  at  4.3  GHz.  Ver;'  good  agreement 
is  shoem  betsreen  FDTD  and  the  Finite  Element- Boundary  Integral  [4]  computations  for  this 
antenna. 

Scattering  was  performed  using  an  FDTD  code  modified  for  apertures  above  large  ground 
planes  [6].  The  complete  time  records  of  the  tangential  ^serture  electric  fields  are  saved  and 
oanverted  to  the  fat-iooe  in  the  tame  manner  used  for  radiatirar.  Figure  4  shows  a  comparison 
of  the  FDTD  and  FE-BI  (4]  computations  of  RCS  versus  incidence  angle  for  the  air-filled  cavity 
backed  antenna  in  the  «  ^  43  plane  at  4.5  GHz  with  a  8-polarized  Gaussian  incident  plane  wave. 
Good  agreement  was  found  for  all  cases  tested  with  better  agreement  in  the  calculations  with 
reristive  sheets  covering  the  aperture. 

Conclusions 

This  paper  has  shown  that  FDTD  can  be  used  4or  computing  broadband  antenna  impedance, 
radiation  patterns  and  radar  cross-section.  The  results  shown  are  for  spiral  antennas  but  can  be 
extended  to  other  types  of  antennas. 
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Fifuie  I;  FDTO  input  vQttngc  ud  currant  rasponae  for  equinasulnr  ipinl  ilot  ncttnan. 


H|ura  2;  FDTD  input  impednaoe  for  oquiufaUi  tpinl  slot  nstennn.  Meuured  vnlue  nt  appnuc- 
inutely  80  jO  n  from  0.75  to  2.5  GHx. 
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Figure  4:  FDTD  and  FE-BI  RCS  vunui  loddence  Angle  (or  iquare  tpiiti  antenna  with  air- filled 
cavity  backing  in  d  w  43  plane  at  4.5  GHa.  The  incident  plane  wave  was  a  d-polarixed,  modulated 
Gauwian  pulae. 
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FDTD  SIMULATION  OF  AN  OPEN-ENDED  METALLIZED 
CERAMIC  PROBE  FOR  BROADBAND  HIGH-TEMPERATURE 
DIELECTRIC  PROPERTIES  MEASUREMENTS 
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ABSTRACT 

Opaa-«nded  coaxial  p'nbaa  havr.  baan  ooaveniantly  iiaad  for  broadband  dleieetric  propertlet 
uMUuramciua  for  aavaral  vaoM.  A  coatmercUl  proba  aM  aaiodaiad  callbndoB  and  mrumcinant 
aoftwan  aza  now  availabia  ftooi  Hawkn-Packazd  Couptny.  SevanU  maiheBialical  oodelt  for 
calcuUdnt  iha  diakcnlc  propaniai  of  oaKriali  Lom  treuund  input  tanpadance  valuei  aic  alio 
available.  In  cai\juncilon  with  our  an|oin|  laaearrb  ajdvldea  in  the  ana  of  microwavn  proecaaini  of 
miMriali  and.  In  panicular,  in  Iha  nrcroanva  liniaiini  of  carcmicf,  wa  found  it  neeeaiary  to  make 
dklacaic  praparaai  meaiuiaiDanu  at  tempannini  u  hi|h  ai  1000‘C.  Available  hl|h-Miiparanaa 
ptoeedum  band  on  cavity  poiwbatloa  taanoda  na  ralndvaly  nanow  bund  and  meiaUk  coaxial  pnbca 
an  not  wicabk  for  than  rngh-ninpantiDa  miaiaaiiMtta.  nla  la  not  only  bacaun  of  the  dlffnandal 
ittanoal  expandan  of  the  oentar  and  ounr  eoadnBian  in  coaxial  netallic  pnbca,  utbich  aiafce  canyini 
out  dw  probe  ealibnben  dUBeult,  but  alao  becaain  metallic  probai  raquin  lor.ft  roollnt  leetloni  to 
mintmlie  heat  trxnalhr  to  meaauiainent  aquipmeni  {c.|.,  netwont  analytera). 

We  bava  devekpad  a  nev  metalllaad  ceramic  coaxial  proba  for  broadband.  hi|h-iemperatiire 
dielectiie  prooeniei  maaaufatBents.  To  help  opdiBiae  die  deiifn  of  the  proba  and,  in  paidcnlv,  lo: 
develop  a  dettfo  that  erauld  incroan  the  paneinlioB  of  fialda  in  nmplet  nndcr  tea,  Impiove  tha  probe 
lanaidvity  to  variadan  in  propartkt  of  a  larm  clau  of  raatariali,  and  help  detennine  the  laquind 
RdnimiBn  thklmaaaea  ofvmiouaiampta  forobtainini  fccutataienlta,  we  modeled  and  limulatM  the 
probe  pnfonnance  uxint  the  Finita-DUraRace  nme-Ocaain  (FDTD)  method.  A  TEM  mode  was 
exdled  in  the  coaxial  fbad,  and  one  end  of  the  proba  wax  lanninaiad  by  an  abaarbing  boundaiy.  The 
sample  under  tea  wu  plao^  at  the  odiar  end  of  the  probe. 

Numerical  and  nphical  laaula  lllimrating  the  obtained  FDTD  rewlts  will  be  deiciibad  and  some 
of  the  idandflad  guidelinaa  tejadini  aiitabk  probe  darign  and  sampla  diinaaaioas  will  be  dUcusaed. 
Experimental  lasula  of  broadband  and  high-temperature  diekctiic  propanies  tneasuiniieais  will  also 
bapmeined. 


L’^nROOuenoN 

Broadband  dielectric  propetty  measureooeaa  are  geae^y  Inpcctam  in  characterizing  the  atomic 
and  molecular  stroetun  of  materiau.  In  the  new  and  emerging  technotogy  of  microwave  processing  of 
materials  (including  siniering  of  ctnmics,  curing  of  poiymera,  and  lemamadoo  of  hazardous  waste),  it 
is  also  important  that  these  measureroeats  be  made  as  a  funedon  of  tempetiture  that  somedme  reaches 
u  high  a  vulue  as  lOOQ'C.  Dau  obtained  from  ihese  measurnnenta  are  used  eo  support  the  numerical 
modeling  and  siiiniladan  acdvidei  as  well  u  to  charactetiae  the  abeorpdon  chatacierisdcs  of  ceramic 
polyiasrt  airi  glaia  raaiarials  during  hearing.  laauaa  such  u  lampk/iniuladon  compadbilin,  and 
pataiiieten  im^vad  in  opdmiiing  the  headiig  proceas,  may  also  benefit  from  the  results  of  these 
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■DMiuniMnu.  In  ptnicaUr,  iIm  dinlaetrlc  tehnvior  of  lampln  may  play  ■  lolc  in  comrollinf  the 
heaiini  pnoaH  and  tba  potsibta  pnvtnikM  of  problem  inch  u  the  thcnnal  runaway. 

High-MoipafMnn  dUlaevlc  propenlat,  however,  are  only  known  for  a  limiiad  number  of 
maieriali  and  there  an  aeriooi  ftequwy  gepe  la  the  available  dielectric  propeny  database.  It  is 
thesefoiu  crucial  lo  davelop  adequeie  davkee  and  MMing  procedures  that  would  facilitate  making  these 
meaiutemenis  aeonMiy  and  ca  a  raudna  beeis  (1*2].  Beceuie  of  ibamal  eapenslon  problems  often 
encouamnd  in  tneJdng  hlgh-setBpefstMe  dkiectrte  mepenies  neaturemenii  using  metal  probes,  we 
have  developed  a  novel  gmtelHfd  cemBk  npti  inifad  ccmiial  piobe  far  making  broadband  dielecttic 
prapany  meewrements  ter  mwesiiwei  up  m  lOOfTC  DWacM  propeniee  meaiummcnu  ere  made 
by  niadng  ibe  dlalaeate  eenf^  in  eoniaei  srtifc  the  open  end  of  the  coaxial  dialaciric  probe.  The 
anelyeis  prooadure  amnmea  a  sample  under  ssei  of  inflaiie  ihichaees. 

To  help  US  dealtn,  opdmtia.  and  afteerively  use  the  developad  dielacrric  probe,  we  rmulated  the 
probe  pertennenee  aring  nnc.  Psmmaairt  each  as  miaimum  thickneea  of  a  sample,  opomum  probe 
dlmmilwii  In  a  given  Beqneney  tenge,  end  the  lole  of  a  groundplane  In  inyoving  the  petfeemnnee  of 
the  probe  can  be  bumr  understood  uelag  leeuiis  teem  the  FDTD  siimilartons.  In  thispaper,  we  will 
daaetibe  the  probe  detim  and  opetedon.  and  graphically  show  soom  of  the  PDTb  results  that 
demooMtate  the  probe  petfattnenue. 


niOBEOKSION 

The  mere  tanpotiaat  design  parawetan  of  the  proposed  open-aadad  coaxial  probe  Include;  . 
good,  broadbend  fanpedanee  meaohmg  at  the  junction  connscnr,  and  an  ability  to  cany  out  accurate  and 
lu produdbk  nlibntion  proceduree  over  a  reasonably  broad  tiaquancy  band,  and  tat  temperatures  as 
highulOOO*C  Theretere,  instead  of  desigmnt  a  special  eoonector  that  Bis  the  desired  dimensions  of 
our  probe,  we  ssamd  several  oommeiclally  avaubte  conuectuii  that  may  be  easy  to  modify  to  hi  the 
deaiied  dimensions  of  tba  probe.  To  farilitase  roedne  metalliiation  procedures  and  to  minioiiee 
poeiibla  excettive  heating  cd  the  eomecaor.  a  coaxial  probe  with  the  dimenaiaiu  shown  in  Fig.  I  was 
deaignad. 


Gtiwc  00  •  10  •0^10’ 


Pig.  1.  Dimensions  of  the  opeeon.1ed  coaxial  probe  design  fnr  broadband  dielectric  measurements 
(300  MHx  to  3  OHx)  ter'  tam,sennDea  up  to  KXXTC. 


AOR'io-N  type  connector  was  aeleeted  so  counect  the  designed  probe  to  the  standard  accessories 
of  a  neiworfc  analyiU  systeiri  The  broadband  pertetmnnee  of  the  OR-io-N  type  oonneeior  was  tfiind 
using  mne-domein  gidng  rid  ftoqueney  so  dmc-doinain  anelytis  capabUldes  ^  the  HPSSlCffi  Network 
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Aadyaer.  Th«  tniwr  ind  outer  condueion  of  the  OR  hilf  of  the  coniweter  won  nmovod.  end  i  new 
litfiet  wu  niacMaed  to  fncUitiM  coniwcilng  the  center  end  outer  conducton  of  the  probe  to  the  N 
conneetnr. 


The  metelUaed  probe  wu  rebrkued  of  t  nindeid  eJunine  (Al-99)  nibc  end  center  conductor  rod. 
The  elumine  coniel  pr^  wu  itieehined  to  the  dnltn  tpedflcadont.  TYte  dlimeien  of  die  center  end 
outer  conduenit  were  6  nun  tod  1 1  am,  retpeedvay.  ^  probe  wu  then  ouaiUeed  et  Wugo  Inc. 
The  tneetlUecdoa  wu  eommpMtbed  by  petate  da  cerendci  wMi  e  ntoly-aenuaeu  pelnt  end  then 
fliiiiit  then  M  high  tewnnriniiu  In  a  eeadoUad  amioeplieu  (e.|..  agnn-hy^teo).  Tlie  tiioly- 

irirtirif  — r“^—  —  ‘  *  y----'  - - 

about  0.1  adl  wu  alao  added. 

ITiIni  ihli  iiieiilllieiliiii  prireit  n  li  am  miulMe  tn  tepeateill)  hea  rtii  runhe  up  in  1000*Clna 
hydraguenvirDMMM  wttbodicnefcearpeeL  ObiaiatdiapotadMittaMUoriiMprobu,  foraihattat 
23*C  tad  1000*C  are  tbown  vi.  ftequeacy  la  Pig.  2.  min  dNu  obodnad  leaulu.  It  ie  clear  that  i 
tueeutfUl  netalllaattnn  prooedinc  hu  beu  acbieved  end  the  duigwed  probe  is  adequate  for  complex 
parBdai*'tcy  intuoraaeeau  In  ibt  fcequeacy  tenge  fma  SOO  MHa  to  3  OHe  and  s>  tcmparanaei  up  to 
lOOO-C 


(•)  (b) 

Fig.  2.  Input  aduiitanoa  of  dw  duigaed  nttialliaad  ceiaoiic  dMecolc  probe  u  i  foncdoo  of 
tempeTinire.  It  cae  be  reen  that  the  ehon  stays  aiaoet  omstani  u  the  tenyetstuie  incraases 
from  rooen  tetneerinue  to  lOOO’C  in  (he  frequency  langc  of  300  MHx  to  3  CHe.  (t)  Room 
MBpemuTC  (2S'0:  (b)  1000*C. 
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Pim  SIMUlJtTION  or  IWK  nUORM^^ 

A«  iadiGMid  Mritv.  FDTO  doaiadoa  of  dw  pnbe  parfonmao*  it  iw^miry  «d  opdaiiac  the 
deitf  of  dM  prebt  hi  ■  |iw*ii  fruawicr  bMid.  It  will  alro  help  bemr  ideoilfy  •  luitaMe  lainple 
dhckMM  tor  •  gtwn  dtolwitfc  aMPrial  m  aalMalm  dM  vtUdhy  id  dM  uianpilon  of  an  infinitely 
■dcfc  'dun^  iMd  ItadMT  wumim  tmd  qaiiwtfy  dM  eftoet  of  mom  oonowaly  •aomuueicd  expehmentaJ 
anon  Mch  at  dM  paahe  eooawi  whh  dM  taa^ 

T3m  PDTD  dwlidaa  was  aiMply  aahMaad  by  Maiiif^t  aa  FDTD  soda  available  in  our 
d^pattMaaL  MadtlieMiaaii  btehata  totalaeaMaai  of  alBM  ntMoa  aa  aadiadea  which  is  tocaied 
afpaaclaMccly  Mm  watahMfdM  AbaaMopanaad  ad  tot  pra^  wtdia  dM  odMraad  was  MnntaaMd 
>y  a  fcW'MPto  Malt  abaatohM  baaadMy  aoadiniaa.  AtoiMaaldbaeiicaCm«fil«;^e(  'W)aMiTBM 
wava  vtaa  bartbrd  m  tot  tadtodoa  pliaa.  aafl  flald  dlibibadoai  ia  dM  coaxial  p»abe  ^  jm  aanyie 
•tat  etkalaMd  aabid  n  aaadjt  Yaa  oJ  yawnaduia  noaa  tot  cakalaied  flalda,  b^  the  canent  on  the 

caatar  oaadaeaar  (fR'diwDaadtot  poatabal  dUtowaat  batwiaa  toe  coaxial  oootoictan  (|E*dI- 

V)aNoakalaatdtadbeaetatedaadtaandaedMlapaiiHMdtaMaoddMprebe.  This  input  inpedanoe 
<*alfalatoM  pmnatoaa  ia  nnwaaiait  whh  litonaa  aaalyait  d  toe  arabe  adoiicianoe  when  pieced  in  diiect 
coaMCi  whh  a  dtalacrtc  laaple  (3], 


rOTOUIULTB 


ncMb  3  ahnwt  teat  id  dM  obiaiatd  FDTD  icauta  oddM  Held  ditnibuiiaD  in  toe  coaxial  piobe 
tad  aaaipic  aatoir  nsl  Iha  flsan  toowt  toe  FtyiD  rtaula  tor  (our  dUfieicai  lanples  includini 
alaniaa.  datonlaad  aMW,  MNdMaol.  and  aeflon.  n«a  Pip.  3  it  it  eadinaMd  diai  die  fields  do  not 
pcataMt  eoapltatiy  tonwab  toe  waaar  aad  laetoanal  taoplas.  toot  tadsfyini  toe  infinite  satnple 
oiMria.  la  toe  abnd'.  '  jyla.  dH  fleUt  ptaeoaM  waU  in  the  fint  coaple  of  noi  and  then 
aiiati  to  caatalttriy  ycaaantM  dto  whale  saapda.  In  tot  toUoa  atopic,  toe  fielda  easily  peoetnue 
tonaib  wad  tot  sHB^fTaMBlaito  toMioanaiiaa  to  paaaoaHdMnai  of  dM  sample.  Theiefoie.  it  is 
aMlmi^  toil  toa  ahwMae  sample  sheeid  be  ahe^  17-11  mm  totadsfy  dM  iaMic  amaik  ciiieha  and 
dM  Milan  tamptoabaaidbatbaea  30  aaatoick.  'nNaeiaMlit  warn  cakalatod  at  2.43  GHz. 


Tbtta,  ta  waO  aa  amay  ototr  FDTD  tad  riq 
badayd  tf^  am  bava  aaMtomd  a  issetiaaitol  aMC 

Oayaacy  aad  aad  far  a  lyplral  daaa  ti  dIalatMir 


will  be  pnaansad.  It  is  pcncmdly 
p.  aad  toe  FDTD  Mniulaiiiiii  has 
dM  probe  pertoaBaMcc  in  a  gh  m 
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Fig.  3.  Ekctiic  field  dutribution  in  ihe  higb-fiequeacy  coixUl  probe  ind  the  nmple.  The  rstults  were 
obuined  using  FDTD  cslculadons  at  f  «  2.43  GHz.  (a)  Alumina  sample;  (b)  deionized  water, 
(c)  methanol;  (d)  teflon. 
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abstract 

Radiofteqiieiicy  (RF)drylii|  and  InducikB  beatiai  have  been  in  industrial  use  for  over  20  ytm. 
Relatively  snnple  electrode  ana  coil  designs  provided  sadsfactcty  results  in  many  manufacturing 
fadliiies.  As  ocramic  prodaca  ooMiniie  to  invade  new  markets  and  continne  to  be  us^  in  new  hi-tech 
applicaiinns,  more  ddlcaK  drying  and  fiitog  prpcesaes  are  often  requaed.  Butineu  economics  cdten 
demand  dr^g  at  fhsmr  rues,  whkh  makes  achieving  die  required  unifcrmity  of  the  drying  process  at 
rcononiically  viaUc  ntes  very  challenging.  More  sophisticated  designs  of  the  bearing  s^tems  ar 
requited,  and  improved  eoniroU  of  ibying  sysieins  are  becoming  esaential- 

In  this  paper,  we  uae  the  Rnite-Diffcsence  Time-Domain  (FDTD)  method  m  ssnulaie  RF  drying 
and  iadneticin  hearing  svsaetns.  The  FDTD  code  was  used  to  model  realistic  decirode  designs  and  to 
investigate  procedures  nr  atpraving  the  unifcnnity,  speed,  and  efficiency  td  beating  relatively  large- 
sized  ptedocts.  The  effect  of  the  prwluct  sfam  tfpe  tk  maietial.  and  iocaiion  and  omtaiion  between 
the  elecBodes  of  an  RP  dryer  were  simulaimi.  and  etforts  are  underway  to  ptovirie  guideluies  towards 
increasing  the  efncaency  hearing  utritanrity  in  eaisring  dryers.  A  variety  of  opnons  in  feeding  the 
RF  hearing  elecirodei  was  aiaosiroulalBd  and  tteh-periionninceevahiated. 

Similar  limnlarions  were  made  to  help  investigaa  ways  and  means  for  improving  the 
peifotmance  of  the  indoedon  bearing  pmeess.  In  addirioo  to  the  rale  of  the  geomeuical  and  type  of 
material  faeton  in  the  heating  proeeta,  the  FDTD  simulaiion  was  extended  to  include  the  oprimizarion 
of  the  ooU  design  and  the  opeiaring  fraquen^  to  increase  dm  ^eed  and  iiiTiove  the  uniformity  of  the 
induction  beadng  process  FDTD  timalation  is  also  intended  to  examine  the  effectiveness  of  the 
induedoo  beating  process  in  drying  non-magnede  materials. 

Results  of  these  FDTD  shnuladon  eflions  will  be  shown  and  described,  and  some  guideUnet  that 
may  help  improve  the  perfbcmance  and  increase  the  efficiency  of  RF  drying  and  induction  heating 
syriems  will  be  discussed. 


478 


INTRODUCTION 


Catnpuier  modeUni  and  aimalarion  at  micnwave  procening  lyaiemi  provide  lignificant 
advantiges  duu  an  expected  to  play  an  imponaai  role  in  the  development,  scale-up,  and  effective 
udlizanon  of  ladio&equency  healing  tacbnology.  Theae  advantages  include  the  following: 

1.  Undaatanding  of  the  physical  aspects  of  RJF  [I]  inisaciion  svithmaietials.  Radiofrequency  heai;:i^ 
is  a  complex  process,  and  co^uter  modeling  may  help  identify  the  role  of  mater^s  proi,;ii>ei. 
dimeosioos,  input  power,  healing  fates,  etc.  on  the  eSective  use  of  RF  heating  procedures 

2.  Design,  chaiacterixatioa,  and  opthnifatinn  of  the  varioos  RF  drying  and  p^risint;  lysKtus. 
Sevoal  RF  processing  systems  —  Including  RF  dryers  and  induc’ioo  beating  svttetis  --  are 
presmily  available,  ami  me  selection  andAor  dre  design  of  ibe  mosi  suitable  on'  l  vt  j  ipecific 
applicattoe  pretcBU  one  of  the  ebaOeates.  Funhenaote,  characierUsiion  and  c-.  riuation  of  the 
pmatmance  of  a  spedfie  design  m  crndal  in  performing  controlled  and  ter  isd  ic ';>ie  Seating. 

3.  Development  of  effective  training  and  condnoed  educatkio  in  tins  Mgiily  k-m-  J  <  «.iplina]y  area.  It 
it  broadly  accept  that  visoalizanoa  and  animatioiit  based  on  computer  sumdu  ict.  an  impottint  in 
providing  effective  training  procedures. 

limay  be  noted  that  for  aceinate  and,  in  pariiculir,  experimentally  relevant  computer  simUation. 
not  only  are  adeigoate  oompoier  model  and  simnlatian  analysis  cmiabiUtiet  required,  but  also 
knowledge  of  tbe  ihermophysieal  properties  of  materials  finchiding  dideciric  pro^iries)  and  their 
viriaiioo  with  temperasure  and  firauency  it  needed.  With  the  availability  of  hi^-p^ormance 
compum  and  three-dimeniional  modding  toftwatc,  however,  required  mannials  propenim  should  be 
measured,  snd  mote  efforts  need  to  be  focused  on  the  timulntiaa.  design,  and  opiimizaiion  of  RF 
proocsting  systems. 

This  paper  describes  the  use  of  FDTD  timulstioo  in  modding  various  atpecu  ofRF  headog  of 
materials.  Exan^les  iUusiratini  results  from  thnulatioo  of  vaiiout  heating  systems,  including  RF 
dryers  and  induedun  heniing  tytums,  will  be  presented. 


FINl  TE-DIFFCRENCE  TIME-DOMAIN  METHOD  AND  EXAMPLES 

Several  analydcnl  and  unmetied  soluduns  aie  availabi:  and  can  be  uiad  to  modd  RF  processing 
systems  [2-d].  Our  efforts  at  tbe  University  of  Utah,  however,  are  focused  on  using  tbe  nnite- 
difierence  dme^omdn  (FDTD)  method.  An  iieridve  solution  of  MaxweD'senriequadons  in  botfadme 
and  spnee,  FDTD  can  be  used  »  deamiiK  bulb  the  dynamie  betaavierof  the  healing  process  and  also 
the  steady-state  vahiei  of  the  electromagnetic  power  deposidon  pattern  in  tbe  sample  and  in  the 
lummnding  insuladon.  FDTD  baa  also  been  diown  to  provide  a  smmHe.  accunte  pnicndnre  for 
modeling  inhomogeueot.^  and  dectticdly  large  otpects  of  complex  geometries  17)-  These  features  are 
certainly  imporoat  in  simulating  realistic  beating  experiments.  The  foUowiiig  will  describe  examples 
of  applying  FDTD  to  the  modeling  of  some  RF  houing  systems. 


FDTD  Sinulatian  of  RF  Drying  Process 

For  this  simulation,  we  used  sevenl  models  of  electrode  diyen  including  the  one  shown  in  Fig.  1. 
A  coixid  line  is  used  to  feed  the  RF  energy,  and  the  end  capers  are  used  to  lii^i  the  leakage  of  the  RF 
radiation.  The  drying  zone  is  basically  beneath  die  cenml  electrode  fed  ^  the  coaxial  line.  Cenmic 
ware  is  placed  on  dieiectiic  nays  and  caiiied  through  the  diyer  on  a  conveyer  belL  Tbe  FDTD  soludon 
procedure  involves  placing  an  excitation  plane  along  the  coaidal  feed,  a  fiisi-oider  absorbing  boundary 
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Fig.!.  ScbenudcdiignmofaiiRF  drying  system. 


■tone  end,  saddle  drying  elecaodeiniafniem  at  die  other  end.  The  FDTD  is  then  used  to  determine 
the  SKady-siiteRF  field  disitibiitiaas  in  me  dryer.  The  effects  of  perametm  such  as  the  sanmie  shape, 
sin,  ptupenies.  locatfcia,  orientaiioii,  and  anects  of  placetoeni  of  muJiiple  samples  on  the  uniibnnity  of 
drying  and  on  the  overall  effideney  of  the  drying  pneess  are  then  examined  ngun  2  shows  extmiple 
results  for  samgdes  tdf  three  dWerent  shapes,  nom  diis  figure  it  may  be  teen  that  the  most  unifoim 
heating  may  be  achieved  when  elUpdcal  wan  is  used  and  placed  vertically  paiallel  to  the  electric  field. 
All  presented  remits  ate  at  25  MHa.  Rgure  3  showa  the  fi^  distribution  along  the  conveyer  belt  when 
the  deetrades  arere  separated  by  (wo  different  distances  12’  and  15’.  In  this  figure,  the  dielectric 
propertiet  of  the  cetatmc  ware  were  varied  along  the  oonveyer  belt  to  simulaie  wet  ware  at  one  end  and 
dry  ware  at  the  other  end.  Hgure  4  shows  the  Mid  dimiiattiao  around  the  smb  (coil)  legioa.  Figure  5 
shows  the  FDTD  field  disttibotioo  in  the  coaxial  feed  and  electrode  area.  These  smba  arc  often  used  in 
practice  to  improve  field  uniformity  akmg  the  dryer.  These  as  well  ax  other  results  illustrating  the 
characietisties  of  various  diyers  and  procedures  lo  improve  uniformity  and  efficiency  of  the  drying 
process  will  be  shown  and'deacribed. 


FDTD  SiaaiintiQn  of  iBdaetian  Healing 

Altbwigh  it  may  seem  that  the  inductioa  heaiiag  process  hat  been  well  understood  for  many 
years,  the  ^iplicaiion  of  ito  procedure  in  the  dclicme  drying  process  of  non-metallic  and  non-magnetic 
materials  is  challeagiag.  Parametert  such  u  the  coil  niich  and  its  effect  on  the  magnitude  of  the  axial 
E-field  distribution  that  significantly  contribute  to  untfemity  of  drying  in  the  coil  need  'o  be  examined. 
Also,  the  role  of  frequency  on  unifacniity  of  resulting  heating  paneiiis  as  well  as  an  optimum 
samplcfeoil  dUmeier  tatio  that  needs  to  be  used  m  improve  the  uniformity  of  beating  ncM  to  be 
studied. 

We  used  FDTD  simulation  u  study  vaiious  iiiqranani  aspects  of  induction  betting.  The  solution 
procedure  in  this  case  involves  placing  an  excitation  voluge  at  the  rwo  teiminals  of  the  coil  and 
employing  the  Yee  cell  to  calculate  me  various  coinpraents  of  the  electric  and  m^edc  fields 
thrMgliottt  the  computation  domain.  Absorbing  bomidaries  were  placed  outside  the  coil  to  limit  the 
compuution  dotniin.  Example  results  are  shown  in  Figs.  6-8.  While  Fig.  6  shows  marked 
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(C) 

Rg.  2.  FDTD  retula  illunming  iheetecgic  Held  dinributioii  in  cenuaic  we  of  different  gccmegto. 
(»)  Spbeticil  ware;  (U^ptictl  ware  placed  vcitically;  (c)  elliplical  ware  placed  horizontally. 


impioveaient  in  the  unifcnmty  of  heating  when  a  trequency  around  25  MHz  is  used.  Fig.  7  shows  that 
increasing  the  coil  pitch  from  2”  to  4"  helps  improve  the  unifomuty  of  heating  in  the  sunple.  Figure  8 
shows  results  of  e^oying  multiple  samples,  where  it  is  expected  that  separation  distance  between 
samples  plays  an  imponant  role  in  improving  the  drying  patten. 


4S1 


H|.  3.  Field  (ttioibatioK  ilong  die  mis  of  the  dryer  for  nvo  separation  distances  between  the 
elecmdes.  Dielectric  propenies  srere  varied  Erooi  e*  -  23,  o  •  0.04  (wet  ware)  to  e'  5, 
o »0.00 (dry  ware)  aJonf  ne  diyer.  (a)  Becuode  sepsitjian  12”;  (b)  olecmxie  separaiioh  IS". 


(a)  (b) 

Fig.  4.  Field  distribution  around  the  electrodes  and  the  stubs  (coils)  for  two  difTeteni  separadon 
distances.  Stubs  are  often  u»d  to  improve  field  distribution  along  electrodes,  (a)  Electrode 
sepaiation  12”;  (b)  electrode  separation  IS*. 
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(«)  (b) 

Fig.  3.  Field  distiibution  anund  die  feed  coexiil  tine  end  the  electrodes,  (a)  12'  separation;  (b)  15" 
sepandon. 


These,  as  well  as  many  other  results  Ulusnting  characteristics  of  inducdon  heating  systems,  will 
be  shown  sad  described. 


CONCLUSIONS 

FDTD  modeling  and  numerical  simulatioii  provide  valuable  tools  for  addiessiM  various  aspem 
of  RF  ptocasing  of  materials.  They  help  in  understanding  the  physical  aspects  Of  RF  interactioa  with 
materials,  in  examining  issues  involv^  in  the  dynamic  heating  process  and  in  healing  multiple 
samples,  and  in  siniuUting,  evaluatiog,  and  coom^g  die  perfcnnance  of  different  RF  processing 
systems.  Examples  presented  here  have  Ulusnated  the  appUcadoo  of  FDTD  in  simulating  heating 
systems  for  RF  oryers  and  inductioo  heating.  FDTD  results  also  are  being  used  in  canjunciian  with  a 
3-D  flnite-different  beat  transfer  code  to  develop  a  dynamic  model  for  calculating  temperamre 
distribudon  panems  in  samples  during  heating. 


acknowledgments 

This  woiic  is  a  compilation  of  effota  by  many  inriividaals  and  is  supported  by  two  sponsors:  Hal 
Kimiey  of  Oak  Ridge  National  Laboratory  and  Chris  Malarfcey  of  Corning,  Iiic.  The  authors  are 
indebckl  to  them  for  their  technical  contribudons  and  the  financial  support  of  their  institutions. 
Giaduaie  students  working  on  this  prpjeci  iiKlude  Tom  Reed,  Dan  Roper,  Shane  Biinghurst.  and 
Zhenloag  Huang.  Undergraduate  Engine^ng  Clinic  students  working  on  the  project  supponed  by  Oak 
Ridge  Nadooal  Laboratory  alao  conoibutcd  to  this  work.  This  work  is  supported  by  Corning,  Inc.  and 
the  Oak  Ridge  National  Laboraiofy  (Metals  and  Cetamic  Divisioa)  under  die  auspices  of  the  Advanced 
Industrial  Omcepis  Program. 


483 


Fig.  7. 


Fig.  8. 


(»)  (b) 

FDTD  result!  illuiintinf  the  fict  thit  dunginf  the  coil  pitch  ftooi  2"  to  4"  helped  impiove  the 
unifonnity  of  hesiing.  Results  an  shown  at  2  MHz.  U)  Results  for  2"  pitch:  (b)  results  fcr  4' 
pitch. 


FOTD  results  when  multiple  sunples  an  placed  -  ude  the  healing  coil.  The  coil  diameter  is 
10"  arid  (he  onenting  frequency  is  2  MKz.  The  s..upie/coil  diameter  ratio  is  lAl. 
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A  QMMraUi*^  Flnll»»Vohia«  Algorithm 
for  Solvittf  lb#  MajtimII  B^uatioiu  on  ArbUrary  Qridi 

Ytfi  Liu 

NASA  AiiNt  lUmfch  Cmtat 
Moffnt  PtuM.  CA  ft4<»5 

K.  Abstract 

A  ftaiw>voliiiiM  formulftiiOB  btciH  on  srbitmy  bMis  fbnciMot  tor  iinM^dspondtnt  probltmt  on  stnsrnl 
two*  sad  tbft  diiniiwkiiisl  fttueinrod  sad  uatiruoiufod  grids  is  dsvslopsd.  Ths  msthod  ii  sppiitd  to  tbe 
ralniM  iiUfrsls  of  tbs  Ums»domsbi  Msxwsll  squs^oas.  DbosM  onkaoiras  sis  thus  volums  inugrsls  or  esH 
svtfsgsB  of  tbs  sWetric  sad  SMCiMtie  (Md  vsrisblss.  SpstisI  ttnns  sis  eoassvUd  to  surfses  kaUgrals  using  ths 
Gsms  cnri  tbsorsm.  Arbltrsiy  sets  of  bssis  (Uaelionn  sis  intioduttd  in  coMtructlnf  iocsl  rspistsntsiions  of 
tbs  Mdi  sad  cvslusting  ths  voinme  sad  surfscs  intscrsis.  Etoctrk  sad  mscnsiie  IMds  sis  spptoacimstsd  by 
Uosor  oombinstioBiof  tbsss  bsds  fuastioas.  Ualibsotbsr  uastneiursd  formulstioiis  ussd  in  Computstioa^ 
Plaid  Dynamics,  tbs  nssr  fonrutsiion  setusUy  doss  not  isooastruci  the  fisid  vsrisblss  st  sseh  timt  sup. 
Instssd,  ths  ^stisl  ttrms  sts  cslculsisd  In  tsnnt  of  unknowns  by  ptscompuiing  weights  ss  funetioni  of  Cell 
gsoikMtry  sad  brsa  functions  to  rttsin  sfllcisncy.  Ths  formuislion  is  suiisble  for  srbittsilly  dsflnsd  grids, 
sitber  smooth  or  unsnhioth.  A  esotersd  sebems  is  ^pUed  In  ius  interior,  while  sn  upwind  matching  uheme 
is  smploysd  si  msiertsi  iotsrfsess  and  the  Eogqutst^Msi<U  non-isfleeting  boundary  condition  is  implemenud 
St  tbs  Qumeries)  ouier  boundsiies.  Ths  sUfgstsd  leapfrog  scheme  and  the  Runge-Kutis  methods  sis  utilised 
for  tbs  tioM  inUftstion.  This  new  formulstion  is  capable  of  achieving  any  ordsr  of  accuracy  oa  arbitrary  grids. 
Several  model  electcomagastic  scattering  problems  are  computed  and  compared  with  analytical  solutions. 
Cxsmplss  SIS  given  for  cssss  based  on  Oih  to  3rd  dsgrtt  polynomial  basis  functions. 

IL  PLait**VolunBe  Ibrmulntioa 


GorarniiiLg  E^untloas 

Ths  ttmo>domsm  Maxwell  squatiens  in  tbsir  vector  form  esn  be  written  w 


(1) 


wiHt* 


(J.) 


ontaina  tha  aiwuic  ditplaninail  and  mafnatic  induction  vacton  (alao  rtfamd  aa  tba  aicctric  and  matnatic 
flux  daofity  vacton). 

•-[-;]  («) 

cootains  the  magnetic  sad  slecirie  intensity  vectors,  and 


I'.i 


(2e) 


cotiiaina  tha  electric  current  dc^ty  vector.  The  vactora  D  and  H  art  lalalad  to  K  and  B  by  the  conatitutiva 
lalationa 


D«<E 
Be  pH. 


(3) 


whara  r  is  tha  permittivity  and  p  is  tba  parmcability  of  the  material.  Tba  alacthc  currant  density  J  k  related 
to  the  tiaetric  intanaiiy  E  by 

1 «  oE.  (d) 


487 


wlMt«  #  ii  Um  «)«tne  eoadueUvItjr  oC  tb«  cnateriAl.  Hm  in  timwi  iht  probkm  U  lintar  and  all  ih« 
propttttM  art  Mi  of  ih«  fUlM. 

G«mn1  Proportloa  of  Oridt 

Tbt  Matvall  oquaiioos  can  bt  aolvtd  numarlcally  baaad  oo  iht  inugral  form  of  Eqa.  (1)  Ont  flrat 
inaraUB  •  (rid!  which  coaMta  a  Mt  of  dlactatt  poinlt  aad  a  ati  of  Iion  or  curvat  connactinf  iht  poinu. 
Tba  conoacting  linw  or  cunrai  mutt  ba  cboaan  in  a  way  that  dividaa  the  Nfion  into  a  aet  of  contiguoui, 
Don-^varlapping,  tpaca  ftlliag  calit.  Tha  diacrate  pointa  art  than  called  call  veriicae  (or  nodea),  and  the 
conaMcUag  lioai  or  curvaa  art  ealUd  call  adgai.  *nkt  curfacaa  common  tc  two  neighboring  lallt  arc  called 
call  fbcH.  Each  aetl  it  aadoaad  by  a  eonbioaitoo  of  faem.  Tbt  bouading  curve  of  aaeb  fact  ia  formed  by  a 
eombioatieo  of  adgaa,  and  aaeh  a^  aotMcU  two  vtrticea.  Every  cell.  face,  edge,  aod  vertex  ia  aaaigned  an 
indti  to  idantUy  Itaalf.  Tb  cemplata  the  fmmetric  deaeriptioB  of  a  grid,  oaa  meat  alao  apecify  the  thapat  of 
the  adgei  aad  faeaa. 

A  grid  can  ba  amctuied  or  oastraetuied  baatd  on  the  oederiag  of  ealla.  faoa.  adgm.  aad  vetiiem.  For 
ttnietmred  grida,  ihc  indioai  for  thaaa  gaomtihc  elcaMnta  are  ordaied;  givea  one  index,  the  otherm  can  ba 
dilnmuiiJ  impUeltly.  Par  anitraetutad  gride,  tuch  an  order  doaa  itot  aniat,  and  aoene  information  muat  ba 
given  expHciUy.  A  aimple  way  ia  to  atoN  the  iadioea  of  tha  verticea  and  Iba  two  itaighboring  (**ltft’'  aod 
*right*)  celli  for  aach  face.  All  otbar  iafermation,  aaeh  aa  indicea  of  fatm  and  verticea  for  tadi  call,  can 
Uma  be  deiarained  ftom  it.  A  apeeUI  caae  of  atruetured  grida.  which  ia  called  a  regular  grid,  ia  that  all 
etlh  have  anaeily  the  lariM  ahape  and  volume.  There  are  a  few  tegular  thrae-dimeniionai  ehapee  known 
to  cryaiiUographtfa  which  art  apaee-ftliiag.  Tboae  include  the  btrahedron.  tetradecahedron  (truncated 
octahedron),  btxafooai  priem,  rh<  wbic  dodecahadren,  aad  afoogaled  rhombic  dodecahedron  [1].  The  moat 
ttructeced  grid  ia  om  that  ia  topological  equivaiant  to  a  gtMraliaed  curviliacar  coordinate  eyttem,  which 
mneieti  of  ordered  arrayaof  hexabedra.  An  exampltofacominoftly  ueed  unetrueiuied  grid  ie  one  eonaiating 
of  BN».s:dc?*d  teirahedra. 

IntegraAiii^  Eqa.  (t)  over  each  aod  every  cell  deAnea  a  gencralited  finite  volume  method.  lUcailini  that 
'At  Gar^m  curl  theorem  converu  a  volume  integral  over  a  cell  V|  to  a  ckwed  eurfact  integral  over  ita  facta 

Of  It  thua  obiaina 

H<rt  tt<  (ubwript  j  d«iioi«  « i.ncrk  iadoi  for  •  oUl  u4  th*  Ntecript  t  dtnoM  « |tnthc  indtx  for  .  fMt. 
if  cooroiMM  irt  dWlaod  by  tom*  •a.IyUcal,  difTtnotiobk  Uanifomiktion,  thni  tbwi  .hopa  could  b«  tiinn 
to  b«  poftiOBi  of  Um  «c4Ct  eootdipu*  lim  and  coerdiBul*  nirfua*.  Howmr,  this  procidur*  (unrully  do*. 
Mt  iaauHt  Ibu  accuracy  of  iatcriot  tchemai  but  oaty  complicataa  Um  pionaa  ia  cvaluatipf  the  voluim  aad 
nufom  iataiiab.  Siacc  Eqr  (})  acu  valid  for  aay  call  aba^,  it  ii  ibtrtfor.  prvfcrabW  to  coactnict  fimple 
fbcpci  foe  Um  MrfaoM  and  ctlto  that  eoald  faciUtalc  iatagiatieai  ipvoltini  tboic  vltnMnli.  Th.  only  pociibl* 
cacaptioa  Mould  ba  for  tha  ad|aa  aad  faeaa  iavolviaf  (rid  oeiau  on  a  praacribad,  currad,  tolid  boi  adary 
or  nulcrial  iatarfoca.  la  ordac  to  ebtaia  ki(h  accuracy  ia  Um  aeluuoa  on  aueb  a  boundary,  eua  ..  ay  be 
«iUiB(  fo  carry  out  tba  mota  cumbaraow  intaftatieai  involviaf  Um  curved  atamanla.  particularly  ,ince 
apaciil  pcooaduiaa  have  to  ba  iavolvad  to  ntiafy  tha  boundary  and  inlarfaca  canditioiH.  Lina,  trian^a,  aad 
Utnhadioa  aia  Iba  aMal  fiindamantal  ahapaa  of  adft,  faea,  and  call,  raapactivaly.  latatrationa  over  thaae 
Autdaaantalabapaa  ara  ralaUvaly  aimpta  aad  for  aaoH  caaas  can  baaaact.  Wa  aotica  that  taaatal  polyhadien, 
polyfon,  and  adga  ia  a  aaiaa  of  tatrabadia,  triaaflaa,  and  liaaa,  laapactivtly.  Any  volume  intafral  over  a 
polyhadtoa  ia  aqual  to  tba  aumroatioa  of  tba  voluma  iatagiila  over  aach  iadividual  tacmhadion,  aay  aurfaca 
iaiafial  ever  a  polygon  ia  aqual  to  the  nimmatieB  of  tha  luifaca  ialairtls  over  aach  individual  triaagla,  and 
any  Una  inlafial  uvac  a  edge  ia  aqual  to  tba  tummatioa  of  tba  Una  intagral  rvar  aadi  liua  element.  In  thia 
paper  m  ahall  faraiulaU  our  method  oa  arbitrary  grida.  but  taaphaiia  will  be  give.,  to  general  polyhadraJ 
grida.  Cha  formulatioa  ia  auiiabla  for  aithat  mooU,  or  uaamootb  grida.  Except  for  tha  bcokkaaping  of 
iadicat.  wbatbar  the  grid  ia  atructured  or  umructurad  ia  iiralavaat  to  out  formulation. 

Unknown  Variablaa  and  Piocowiaa  Local  Ropraaantntiona 

1b  aolva  Eq.  (S)  numerically,  oaa  llrat  daHnae  iIm  diaeiau  ualmewn  variablaa  which  ara  to  be  advanced  in 
time.  OtM  than  obiaina  a  aet  of  aquatiooa  to  aolva  for  tha  diaerala  naknowna  by  convartiag  tha  apatial  larma 
in  latnn  of  tha  unknowns.  Thara  ara  two  matheda  of  daflniag  the  unknovn  variablaa  -  ailhav  aa  valuaa  at 
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diacnto  poinu  or  «•  dioerou  voIurm  tiii«|r4b  (or  veiomo  ovonfoo).  la  ibt  ini  moihod,  on*  dtiaoi  ibt 

oakaoora  vahabUt  at  ynykm.  T^r  high  ordor  (ormalaiM^,  aaitaowai  mmi  aUo  bo  doiind  ai  axira  poiau 
on  ibt  oorfbeti  aad/or  iaiido  ibt  otIU  Tba  voiamr  ui4  ontfato  iaitfraU  art  ivaiuaiad  by  quadraiurtt  ooins 
^aaailiim  at  than  aodal  potau.  Uafortuaaioly,  ibit  pcectdan  coopba  ibt  nodal  uabnowiu  Thtttfort,  «v«ti 
tJtplidi  iimt  la*ofraiioiia  art  tibctivtly  Implicit.  Pm  a  ilBw>dopaadaai  piobUm.  thit  can  b«  vary  intficltal 
In  Ibia  paptr  ««  eboott  ibt  tolumt  inUgriii.  dtaoud  by  tbt  ayaibol  *« 


t,  m  f(r)WV' 


t/^,IXr)rfV 


(«) 


M  Uw  ukMira  vMiakta.  In  otdit  to  (viluMt  IW  ntwiM  Md  mtllMM  inufidt  i*  Eq.  (S)  CMiiiUntljr,  wt 
Miedwa  as  (iWWwy  wt  of  bMi>  AiatUoai  lad  a—im  ikal  aatk  S«M  «ih«blt  can  b<  cxpraaad  by 
a  biiriialaa  local  fapiaaaoutioa  ia  taraia  o(  liaaat  coiobiaatieoa  of  tbcaa  baaia  (bactiom 


m 

■y(r)-12h,-*a(r). 


The  type  aad  aumto  ef  boala  faactaoaa  choaia  japead  aa  Iba  daaiiad  accuracy  Tba  meal  common  focm  (or 
Epa.  (T)  ia  aa  a  apatial  polynooiial  in  which  tha  *m(r)  ata  laMOt  preducu  of  the  poaition  vector  Dapcndini 
on  lha  aaiuia  of  ptobkina.  oibac  claataa  of  fuactnoa,  uich  aa  aptiaaa.  wavalata.  ui|onoir.cirir .  ixpenantial,  oi 
othaf  apacial  (aacUaaa,  nay  alao  ha  aaad  aa  a  baaia  aal.  Our  tonaulalioM  will  be  (ivan  ia  tarnia  of  atbiltaty 
baait  htactloat,  but  aaoMrical  aaanplai  will  be  laatiklad  to  tba  polyaomial  lapiaaantauon.  Wa  abai!  kava 
tba  alady  of  other  typaa  of  rapratoutuio  to  liitura  loaooich. 

Baawatataoalow  amrl  laMapoUtioa 

Ooco  tbo  baaia  iuaetioaia  have  baaa  ebaaaa.  tba  ooaflckou  dy«  aad  b,s  in  E^.  (T)  can  ihoa  ba 
dtutmiaad  ia  Mcma  of  Ibt  dkenno  aikaowaa  ia  tba  aaaibhotbeod  of  tha  celt  >.  Tbk  ptocaaa  ia  aermally 
lafamd  to  aa  wcoaattucttoa  (2,3).  Tha  aaifhhochoad  of  a  call  k  daflaad  aa  aa  aaaambk  of  iu  aoi(bbncia| 
caila.  Tha  Aral  bkraKhkal  Baii|bbocbood  of  tha  call  >  ia  ilaalf.  Tha  aacoad  bkcarcbical  oaiibborhood  cooaiaia 
tba  call ;  aad  all  ila  immadiala  aai|bban  Aa  naaiadiaia  Bai(bbot  of  a  call  can  ba  a  camii>oB-faca  aat|bbet. 
wbkb  abana  a  camnaaa  baa  with  the  call,  oc  a  coenmoa  adpa  or  coamoa-noda  aaitbber,  which  aharai 
oaa  or  taort  odcoa  or  aod«  with  tba  call,  raapactivaiy.  Tba  third  biataithical  Bai(bborbeod  includaa  Uw 
aaeoad  aai|bbarbood  aad  tba  inimadiali  Bai|bbon  of  all  caUa  w  Uw  aacoad  aai|bborbood  Bi|btr  kvau 
of  aaifhbochoed  art  built  racunivtly.  Tba  IWl  of  tba  aaifhhorbced  cat  ba  nrtad  by  tba  dWtaaca  batwcaa 
Uw  cwiioidb  of  Uw  partnt  lad  naifbboriaf  oalin  The  ataacil  In  roteoatiucUoa  k  tbeii  aaketed  bom  tba 
laifhborbeod.  Tha  aaketka  caa  ba  aymawtikally  aieuad  tba  paraat  call  y.  n  can  ba  dlroctiaaally  biaaad 
ia  larma  of  lha  maiatiala  n  aolatioa  Mda.  Oiaa  ihealo  avoid  ihoeWap  a  alaacil  that  it  aooat  a  matarial 
Wtarbae,  Waat  aama  held  eotnpoorau  tad  darivativm  aaagr  ba  dWooaaiaooaa  at  tba  ialaafaco. 

Ihr  aiiapUdiy,  baru  wt  uat  oaa  eompoaaat  W  Epa.  (T)  to  ilhirata  tba  tamaairurtinai.  Let  fj(r)  ba  a 

compoatal  of  Fylv)  w  *  —"POO—*  oF  [^'*] '  ^  *”***  riprialaiino  can  ba  wmton 

in  •  vector  Ism 

■  ]Ccy«*,<r)»  •’’(rk.  (») 

m 

whan  aad  d‘’'(r)  and  c  tia  Uw  Nw  vactn  of  dm|r)  aad  lha  eetumn  aactar  of  c,„,  wopacUvaiy  Lot  Af, 
danota  Uw  lial  of  indkoa  of  tho  luooaatruction  tuncil  lor  tbo  cait latatnliaf  Eq.  (I)  ovat  all  Uw  caila  in 
ffj,  oaa  {nma  a  linear  ryatam  o(  aputtioaa  for  tba  call  y.  If  Uw  aumbar  of  rtcooatruction  caila  pcaaani  io 
Af) ,  RC,  W  apoal  to  lha  number  of  ba^  fuactiona  n.  tba  crwfBcianu  cy^  can  bo  datotmiiwd  from  a  aiaadacd 
liaoar  lytUm  aolvar  Foe  ftnoral  unatnicturod  (Cida.  it  W  mon  likoiy  that  tboac  auntban  arc  not  Uw  Mirw. 
If  no  n,  too  tbtn  tolvaa  an  ovar-dattraiioad  miaimiaatioa  ptohlem  with  caapan  to  aeow  cboaao  oocm.  If 
tha  It  oocm  W  uatd.  tbu  ir  opuivokal  to  a  hoot  tpuana  proh^ 

Aesf.  (9) 


4e9 


(10) 


il  it  •  itriMjtlif  iMUiii  af  liiii  K  x  la  wkili  JifU 
Aaa  ■  /  •™(r)<lV 


utt  (  ■  t  talaixB  vtdar  of  mm  K  with  i 


(11) 

■on  tin  tofciciipi  k  m  Ai(a)  it  Iht  oik  mamlMt  ia  tin  moonnicuea  tuacil  tot  the  eeil  ;  ud  the  tymbol 
a  daooa  •  loott  t^oont  ptohitm.  Ihtlniniin  fot  tolviif  •  hail  notm  prebltm  uo  titll  knimii  and  can 
ha  iaaad  in  tiandatd  tawlioati  (a.  g.  lUh-  4-t)  Ban  *o  on  tin  nnikod  of  nncttlat  valin  dtcsmpaiikion, 
tad  tbt  taintlan  In  tkt  cOTaritnln  can  W  atit'ia  at 

(12) 

ahtn  tin  amiibol  *  npntnu  tha  paavda  iuvant  of  a  nctaagultr  inaitU  Thu.  tht  fitid  can  he  tecon- 
etrnctad  hy  a  pitnttin  tutlytic  Inaction 


f<(r)-p»'(r)yl*f  (13) 

Natter  that  Ibt  pooada  iomn  dan  art  tlatjo  gin  a  comet  animi  if  the  caak  of  A  it  Itn  than  n.  It 
it  tadatt  at  tha  pantot  tion  what  kiad  of  aam  thonlJ  bo  at'iaimaid  for  thin  type  of  undcr-detennined 
aynaa.  Thtnltn,  ia  ant  atady  aa  chiion  the  taeaoatnetioa  ataaeil  tach  that  tin  rank  of  A  it  alaayt 
tint  at  than  at  aqntl  to  the  anoihtr  of  baaia  fnactnw  and.  It  it  alto  pottiMt  to  build  toinc  ceiustrtiat  in 
the  ntahaiaatiaa  ptaein.  The  aiott  eotanioa  oat  it  tht  proterntion  of  the  tnlume  integral,  i.  e..  the  volume 
iangial  of  the  maltiag  niintliariina  Eg.  (13)  mtlehnf|.  Ptoeadnm  for  tolviag  coutraineH  lent  tgunm 
pnUaon  an  atia  gina  ia  Balt.  4-S.  Oan  tht  dux  dtaaity  oaeton  D,ir)  and  B,  (r)  have  been  iceonmtiuctad. 
tht  ftnniiiM  of  tht  lattatity  aad  eonoat  daaiity  oaetan  eta  thta  In  txptnttd  aa 

B((»)-iD<(r) 

H,(t)-iB>(»).  (14) 

At  ao  aatataaarl  than,  tht  lonattfaction  prawn  iavelvn  aelvieg  aa  onT-detaimincd  linear  tyttam 
of  ogaaittaa  In  aach  eaU,  which  it  a  vary  liiai  roanmiag  preotdan.  Thh  prawn  hat  ban  enployod 
ia  atoarti  low  eanpatoliaat  aaiag  palyaainitl  baaia  faartian  In  aattnictiiiod  gridt  [04..  (•T).  Hewmt. 
baraon  tha  laraantiaclina  wn  caciitd  oat  at  avocy  tint  aiap,  than  cacnpotatiaai  an  vonr  ioMcieat  aad 
haaaeat  iwpoactical  far  then  dinitnaioaal  probitnn.  Han  wo  waold  like  to  orapbaait  that  the  ncoatiraction, 
oe^M  at  lit  kagmahig  aad  tha  and  of  oanpatalioa,  it  actaolly  oaBeectetry  dutiog  tko  tian  iatagratioa  if  the 
loeaaalfacliaa  ataaeil  a  aarhaagad-  What  raally  wo  aatdad  ia  the  caoraotatioat  act  oat  the  laeoaatructed 
taalytiral  npnaaaUliaat.  bat  Ibtir  faactioaal  ralon  tod  n  paiat  rolun  of  the  rtproatatatiou  or  ibtic 
dtri^oco  n  aataa  paiati  at  inapral  ralan  ef  tht  npmaataliixic  over  toioe  legiaat.  There  fanctioaal  Talutt 
eaa  ba  tnpeontd  n  Ibt  pradacw  of  tone  wetfkti  aad  ikt  unknaww.  Tbit  procan  it  known  n  inlerpolntioa. 
In  ou  hrnwitlina.  n  wt  ehaH  diaean  ia  tha  ntx*  atclieo.  the  apotial  iolograla  can  be  exptentd  n 
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wb«re  tb«  weifthtf  we  defined  m 
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Mtpeeiieely.  Pmd  E^.  (id)  tad  (10),  one  unranditUly  notice*  ^tt  tke  weifliU  we  function*  of  the  cell 
feOQMtry,  reconsttuetiwi  eteaeil,  tad  «ur!tee  tad  volume  taiecrttion*  the  bMi*  function*  oaly.  Thoee 
«Mi|^tt  eea  be  enleulwed  one*  for  *11  tad  ftored  in  tbt  otaMry  at  the  befiaBing  of  computation.  A*  w« 
meatioDed  earlier,  the  integrattoo  piocea*  caa  be  «implifted  if  polyhedral  cdU  with  pciygond  face*  are  used. 
E^aeh  face  caa  be  divided  into  planw  facets,  in  which  cerh  one  hae  a  coot  ant  unit  normal  vector.  Thu*,  the 
vector  surface  integrationa  in  Eqi.  (16a)  and  (16b)  are  vedaoed  to  tealar  eurface  integration*.  Furtbennore, 
if  the  material  piopertte*  are  constant*  within  tbe  cell,  r  and  tt  can  be  taken  onteide  the  surface  integrations, 
and  tbe  volume  integratioQ  in  Eq.  (16c)  is  no  longer  needed  since  ij  ss  One  therefore  only  needs  to 
store  ^ 

•  a^#(r)Ws]  A*  (17) 

for  each  plaaar  facet.  Notice  that  the  weights  ere  all  enastuts  for  regnlw  grids  and  thus  they  require  no 
memory  storage.  Tbt  uee  of  regular  grida  can  also  yielo  nigber  accuracy  due  to  the  eymmetry.  Therefore, 
we  feel  that  the  moet  efficient  grid  in  practical  Ihree-dioMiMuoaal  computations  involving  complex  geometry 
should  be  ooe  that  is  regular  except  near  the  body,  where  an  uasUactaFed  grid  can  be  need  to  accommodate 
tbe  boundary  or  intorfaoe  eonditioos.  Tbe  surface  and  volume  iatagrations  in  Eqs.  (16)  and  (17)  caa  be 
canicd  out  using  quadratures.  For  some  bam  functions,  su^di  a*  poiynomial  or  Uigonomeiric  functions, 
tbsse  integrations  can  even  be  performed  analytically.  Ostatls  are  given  in  n  separate  paper  (8). 

Evninnttoo  of  Spatial  Terms 

*rbe  spatial  temis  in  Eq.  (6)  involve  closed  surface  iotegratton*  arsociated  with  the  tangential  imeosity 
vector 

Mr)  «  «(t)  X  Kr).  (18) 

Here  a  is  the  outward  nnit  oonnal  vector  of  a  osll  face  at  r.  Based  on  tbe  above  least  squarse  process,  tbe 
locd  repress  nt  at  ion  ■  for  the  two  nd^bortng  cdls  sepirsted  by  a  foe*  art  not  the  same  in  general  on  If  such 
constrain  is  built  in  tbe  bssis  feneiioas  or  the  ceeonctruetiott  pm  row.  However,  tbe  difference  is  bounded 
within  the  error  of  the  ai^roxunation  in  Eqs.  (7)  or  (8).  Let  the  superscript  *  denote  tbe  field  state  on  a 
face  and  tbe  subeeripts  i  and  n  tbe  field  states  on  the  left  and  ri^  of  t^  face.  Given  tbe  two  left  and 
right  stales  of  a  cell  foce,  there  are  two  approaches  to  construct  tbe  local  rspresentitiooi  of  intenaty  vectors 
on  tbe  surfocs.  One  conespoods  to  a  centered  eeheme  and  tbe  other  to  an  upwind  scheme.  In  tbe  former 
approach  we  employ  an  aritfamciic  average 


while  in  the  latter  we  apply  a  RicinanD  solver 

_  n  w  I  I 


(18) 

(TO) 
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Binum  tolvvrs  b«v»  loof  btta  employed  in  CompuUlionnI  Fluid  Dynimici  cnlculationt  for  capturing 
diMoatiottitiai.  Tlie  Rkmann  lolver  btre  b  banod  on  the  aaet  aolnlMMi  of  the  one-dimenMonal  Maxwell 
e^atioM  at  a  material  iatefface.  A  ttmplt  derivation  waa  given  in  Ref.  9.  Thia  technique  wai  fint  applied 
to  electrooiagDctic  computattona  by  Shankar  ei  al.  (10].  Our  acfaemei  differ  from  conventional  center^  or 
upwind  •eheiMB  in  that  all  variable  in  Eqa.  (19)  and  (20),  inatead  of  being  point  valuea  at  **faee  centen”, 
are  functioM  of  r.  (Actually,  theR  ia  no  unique  way  to  ddine  a  face  centet  if  the  surface  b  not  planar.) 
Integrating  either  equation  over  cell  faces  and  utilbiog  Eqs.  (15a)  and  (15b)  with  the  pre-computed  weights, 
one  easily  converts  the  inienaity  terms  in  Eq.  (!»)  in  terms  of  unknowns.  The  source  t'  .-m  in  Eq.  (5)  can  be 
convert^  ia  a  similar  tnaatwr  with  Eq-  (15c)- 

A  Foumr  aa^yaiaof  the  twoaehctnei  was  given  previously  by  the  author  [9].  While  the  centered  scheme 
gcMTully  profvifba  m  dimipatioo  for  regular  ^ds  or  very  littk  ^ripation  for  non-  regular  grids,  the  upwind 
■cheme  sometimes  generates  too  much  dimipattoa.  The  latter  actually  can  be  censideted  as  the  former  piM 
an  artlflcial  danpsag  (smoothiBg)  terns.  In  a  constant  property  material,  the  strength  are  equal  to  jee 
sad  ^ftc  tot  the  eloetric  and  magiietic  ftaMt,  respectively.  Althou^  we  prefer  a  eoU'diesipative  scheme  for 
pfobieBs  imolvuig  wave  propegatioos,  a  *'ri|^*'  amount  of  smoothing  may  be  necessary  if  there  is  any 
oerilUtiop  geiwattd  from  a  boundary  or  interCsee.  More  dHaUsd  coinpariaons  of  the  two  schemce  with 
vBcioue  emooUiwg  ekall  be  reported  in  a  sepatete  paper  (U).  In  our  numerical  examples  to  be  preeented 
later,  the  centered  erhwne  is  applied  in  the  interiot  and  the  upwind  scheme  at  the  material  interface.  Ai 
the  numerical  outor  boondariei,  we  uac  the  5nt*order  Engquist'Majda  Doa'reflecting  boundary  condition. 
For  perfect  conduc^^,  we  simply  set  the  taogoitial  component  of  the  ekctric  held  equal  to  tero.  Highly 
aceurau  boundary  conditioos  are  currently  under  investigation. 

TIm  DkeretUnika 

Once  the  spatial  diaeretiiatioa  bus  been  completed,  a  time  integrUion  echeme  is  then  needed  for  Eq.  (5) 
to  advanoe  the  unknowas  in  time.  For  the  purpose  of  efficiency,  it  is  derirable  to  chooee  a  time  echeme  that 
gives  accurate  eoluttons  for  a  larger  time  step.  Notice  that  the  spatial  snd  time  diaeretitaiioos  both  introduce 
numerical  errors,  which  involve  dispenioo.  diisipatMa,  and  aniaoin^.  The  error  for  each  discretisation 
deertesm  an  its  sparing  daereseea.  However,  when  combining  the  two  with  opposite  sign  of  errors,  the 
error  from  one  can  caaeel  the  error  from  the  other.  This  makes  the  full  discretisation  more  accurate  at 
large  tioM  steps.  The  time  discretisation  methods  we  use  here  include  the  standard  staggeted  leapfrog 
method  and  the  third-  and  fourth-order  iluagw>Katta  methods.  The  choice  depends  on  the  errors  from  the 
spatial  diecreihuitton.  For  example,  the  ftaggered  leapfrog  or  third-order  Runge-Kutta  is  used  if  the  spatial 
discretisation  has  a  phase  lag,  and  the  fourth'order  Runge-Kutta  method  ie  used  otherwiee.  The  numeriul 
errors  can  be  aonlys^  by  the  Fourier  method.  Again,  details  were  given  pieviouely  in  Ref.  9. 

nL  Nuasorienl  Rnewits 

Based  on  the  formulatioB  given  above,  wc  have  devriopod  a  general  malii-dbmenriooal,  multi-media 
computer  code.  Om  eaa  chooee  any  type  and  any  anmber  ofb^  fuaciions.  Surface  and  volume  integrations 
of  thme  basil  ftmeiioas  over  ample  shapes  eurii  es  tetrahedroo,  toian^  and  line  are  used  as  building  blocks. 
The  code  tbeo  automatically  conetmeta  surface  and  volume  integrals  over  tbs  ccU  geometry.  All  variables  in 
the  code  are  defined  ia  their  veetew  fam.  It  ii  therefore  capable  ci  doing  both  Vm>  and  tbree-dimeasional 
computations.  Cnrfeatly,  tbe  code  runs  960  Mflops  (single  pioceeaer)  on  a  Cray  C90  computer. 

Smurai  model  riectromagaesic  ecattcriag  problems  are  calculated  and  compared  with  anslyticnl  sotu- 
tioos.  Shown  here  arc  t^#e  examples  using  Otb  to  9rd  degree  potynomial  (piecewise  eonsteat  to  piecewise 
cubic)  baric  fimetiens  for  TM  plaM  waves  mrident  on  a  pvfeetly  conducting  cylinder  and  a  dielec^e  cylin¬ 
der.  Throe-dimenrinnal  reaults  will  be  given  tkewhete  Fig.  I  shows  tlu  grid  ia  our  calculations,  which 
contains  400  ceUa  inside  tbe  cylinder  and  2400  cells  outside.  For  simplicity,  tbe  cylinder  is  approximated 
by  an  80-edge  polygea.  The  grid  was  constructed  by  pertarbrog  a  smooth  grid  through  a  random  number 
generator-  Certainly,  this  is  one  of  the  wont  kind  of  pids,  aud  we  would  not  use  this  type  of  grid  in  any 
practical  computations.  Heru  our  purpose  is  just  to  demonstrate  Um  capability  of  the  sew  formulation  in 
handling  uasmoolb  grids.  The  reariuticn  of  tbe  grid  per  wave  length  is  apptcaimalely  60/k'a  cells  inside 
the  cyUader  and  20/ko  to  60/ka  cells  outride,  where  a  is  the  radius  of  the  cyliadcr.  k  the  wave  number  of 
tbe  incident  plane  wave,  and  k'  tbe  wave  number  of  the  transmitted  wave. 
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la  Um  pcrfKtIjr  caodu<lin|  cyliodct  aw,  the  inetdeat  mrr  hat  a  value  of  ha  3  prapagating  fmn  left  to 
fight.  The  aaalytt^  Mlution  cooiiste  of  ao  inflaite  eeriee  of  Beeeel  fuactiont  of  the  flnt  and  eecond  hinds 
[11].  Shovra  in  Fig.  la  aie  the  coatoui  liaee  of  the  total  eiaetric  Md  of  the  exact  solution  in  the  vicinity  of 
the  eyliadn.  flatted  in  Fig.  lb  through  la  an  the  aaaie  Held  from  the  aunterical  solutioat  using  0th  to  3td 
dtgne  pdyaoaiial  bsoia  funetioes,  taapectively.  With  the  0th  degree  leeoaatiuctiott  the  Held  it  aatumed  to 
be  pieeewiat  coastaat  aad  the  tolulioa  Iharefon  nfleeta  the  ununoothnats  of  the  grid  (Fig.  lb).  However, 
the  geneial  leatuiet  ace  eitll  capluied.  By  using  1st  degree  polynomial  basis  functions,  the  grid-scale  noise  is 
eliminated  (Fig.  Ic).  With  the  next  two  higher  order  retonstructions,  the  solutinot  (Fip.  ld-2e]  are  hardly 
dktinguish^le  from  the  exact  solution.  The  mtgnitudss  of  these  solutions  at  the  centroids  of  cells  along  the 
negative  a  arda  an  compand  in  Fig.  If.  Thoos  results  with  2nd  aad  3td  degree  polynomial  basis  functions 
chinly  cepcoducs  tbs  exact  aolutian. 

In  tihe  dMsetrie  cylinder  cast,  tbs  incident  wave  has  a  value  of  ta  1.  The  permittivity  ratio  of  the 
dielectric  to  the  fiae  apace  is  set  to  d,  thercfon,  h's  m  2.  The  analytical  aolutano  again  consisu  of  an  inhnite 
tcxiss  of  Busts]  functioot  [11].  The  sanM  0th  to  3rd  degree  polysomisl  basis  functions  am  used  for  computing 
the  numetictl  aolutioiit.  Features  of  the  eompariaons  among  thess  resulcs  aad  the  exact  solution  ate  similar 
to  those  in  the  previous  case.  Only  the  exact  and  the  0th  and  1st  degree  tolutioos  an  given  in  Fig.  3. 

Hafeveacoa 

[1]  3.V.  Smith.  Ceometrical  aad  Strucinral  Oryslaffogrw^.  (Wilw,  New  York,  1982).  p  77 
ill  B.  van  Leer,  Towards  the  Ultimate  Conservative  Dinetence  Scheme. .  V.  A  Second  Order  Sequel  to 
Godunov’s  Methods,*  J  Camp.  ngs.  5d,  101  (1970). 

[3]  A.  Batten  and  S.  CIshtt,  “Uniformly  Hi^Order  Accurate  Non-Oscillatory  Schemes,  I.,’  SIAM  J. 
34,  779  (1987). 

[4|  C.L.Lawtaa  aad  RJ.  Baason,  Solvug  Least  Squim  Protkau,  (Prentice-Hall.  Englewood  Clifli,  1974). 
nj  G.H.  Golub  aad  C.F  van  Loan,  Matrix  Campatattoas,  lad  Editioa,  (The  lohns  Hopkins  University 
Pram,  Bsltimnn,  1989). 

[0]  TJ.  Barth  aad  P.O.  Fredetickson,  “Higher  Order  Solution  of  the  Euler  Equatians  on  Unstructured  Grids 
Using  Quadratic  Rsconstrjctioa,*  AlAA  paper  90-0013,(1990). 

[7]  S.lt  Chakravarthy,  K.Y.  Sserna,  sad  C.L.  Chen,  *A  UNIVERSE-Sstias  Ckrde  (or  Inviscid  CFD  with 
Space  .Shuttle  Applications  Using  Unstructured  Grids,*  AlAA  paper  91-3340,  (1991). , 

[8]  y.  Liu,  ‘Exact  lategratraos  of  Polynotnial  and  Trigonometric  Functions  over  Arbitrary  Polyhedral 
Cells,*  in  preparation,  (1994). 

[9]  Y.  Liu,  ‘Fourier  Analysis  of  Numerical  Algorithms  for  the  Maxerell  Equations,"  AlAA  paper  93-0368. 

(lOj  i‘.*SUr  ,  W.f.  flail,  ufl  A.H.  Mok»minadiui,  “A  CFD-B«nd  Fiaite>Vo)um*  Procedure  for  Conv 
putetaooal  Clectromi^Detio  -  InlerdiicipliBary  AppliceiiCBS  for  CFD  Methods.”  AlAA  p^per  89'1987. 

(11]  ,  *A  Compuiion  of  Ceniercd  end  Upwind  Sdiraici  for  Solving  the  Maxwell  Equations.”  in 

preparation,  ( 1994). 

[n]  R.F.  Harriogtoo,  IimO'lfannooK  E/ectrooiagnttic  Ffo/ds.  (M^raw-Hill.  New  York,  1961).  Chap  $. 


FiC-  1  Ad  unsniooik  grid  for  aoylmder 


(*)  axtet 


(b)  pMCtWMe  CODftlASt 


(e)  piec”  ’Vise  lintar 


Fig.  2  CompariKMi  Qf  ^actric  field  foe  »  plane  wave  taetdeot  on  »  peHwUy  conducting  cylinder 


{%)  exact  (b)  piece coMUnt  (c)  pitcewbe  UBeer 


Fig.  3  Conpexieon  of  eUctnc  field  for  a  plane  wave  incident  on  e  dielectric  cylinder 
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Miaivriy  pinlbl  fidK^liflieniice  timMlonain  mafaods  ibr  ekcimaa(iie6c  jcMemf  proMesu. 

R.  S.  Divid  ind  L.  T.  Wille,  Dqwtmeat  of  Phyiici.  FUxidk  Atlantic  University,  Boca  Raton.  FL 
33431,  USA. 

AtNtnet:  We  dueaas  the  develoiicieat  of  finite-difieieace  thne^iomain  il|aiiUiim  for  maisively 
penflel  copynen  with  a  siini&-in«nietioo  mahiptfrdita  afduiectuii.  Virioas  Bnnepei  are  illusnated 
bw  penUeUang  an  eidahif  aeqaendal  code,  whi^  U  relatively  nopk  yet  of  mfficieat  conqtleaty  to 
aUw  ttt  so  denawHiaie  ftae  taaiartty  of  pendleHeaticn  lanes  and  ecuitoiiicna.  We  give  nianerica) 
veloea  for  the  qnednp  obtained  far  a  tange  of  pmWem  sines  and  noodien  of  piDceeaan.  Rnally,  we 
csUeaSy  analyK  these  icsnlia  snd  the  |ROf^  th^  bold  far  the  lolaiian  of  naxe  ooB^tex  inohlens. 

1.  Introduction. 

Hme-domaia  dectmaagnetic  prableBM  include  a  wide  variety  of  phcBoiDeiia  of  gteat  practical 
interest  nngiiig  from  the  eleetrotnagDetic  pulse  product  in  nuclear  explosioos  to  rad  ir  target 
ideotificatioa  and  whide-bady  tumnn  aasmieiiy, »  nieiitiati  just  a  few.  Only  in  veiy  rate  cases,  utu^ 
with  Ugh  synaneuy  and  sfanpUBedteanietiies,  fa  an  analytical  solntioo  feasible  sad  for  inostsitaanopt 
oocntriag  in  typical  mpBcadona  a  cow|»ataiiooal  approach  is  aecesaaiy.  Hie  dhect  solDtion  of  such 
psobleens  may  be  baaedfon  MaxweD's  equadona  in  a  dIffaRniial  eqoaiian  fonmiaiian,  leading  to  fiaiie 
element  or  fim  diffaence  edeolaliaas  [1.2^  or  it  may  SMR  from  an  imegial  eqnatun  apptoecb,  lewiisg 
a»  the  method  of  owmenttRSl-OenetaBaatians  of  them  schemes  and  hybrid  tBchceqnBS  have  also  been 
propened.  For  an  accume  detunhuttian  of  nanateois  as  ««n  u  high  spaiUI  icsDludon  these  methods 
became  qoiae  demanding  in  aenm  of  oompiner  tfane  and,  m  a  leeeer  exicnt.  storage.  Hms.  tetcaicliers  in 
oomptnadoenl  dectminagnedcs.  just  Ute  their  cdteagues  in  many  other  fMds.  have  bw  tnnung 
incaearingly  to  Ugb-petfaRntnoe  oompnten.  incinding  vector  and  parallel  inarhincs  (see  the  ntview 
ankles  (4.3^  and  sefareoces  therein). 

PataUdin  is  nonanaoeB.  hovrever.  and  difirient  tecfaniqiies  may  be  better  suited  for  different 
types  of  mchheetnics,  Ine  method  of  luotnents  leads  to  a  matin  equatioa  which  is  well-soiled  for 
pmulM  coB^tiaiion  [4-71  as  BMPyvendati  have  given  careful  eneation  to  effidmhnplementiiion  of 
vecaor  and  matihi  openuiaas  on  didr  products.  f%M4dfleieace  tune-donaain  (HTID)  methods  also  lead 
to  a  symem  of  linear  equmiottf  that  needs  so  be  solved  fiir  die  fields  u  a  fiiMtioa  of  space  tad  tbne. 
BessMlsaiitin  it  pomife  St  the  level  of  the  equations,  hntcae  mast  be  isltenbecsw  the  matrices  in 
qaeirioQ  we  tptise,  or  it  may  be  perfamied  at  the  phyrical  level  by  asiigning  one  (or  nirse)  spetia! 
iocathmi  to  each  praoBSSOr  in  a  panOel  imchine.  Pnallel  nm>  codes  have  been  Ironed  by  a  number 
of  amhott  [4}.  Sumlar  mniBgica  may  be  enmlDyed  ID  paiaUclm  finite  etement  codes  [4],  for  wUch  the 
legoUrity  of  the  pid  beoomet  mi  haponaat  ttme  m  decide  winrii  9pe  of  macbiae  m  use.  A  vtsy  gcaetal 
diemsrion  on  theae  and  other  eechnfepm  with  a  large  Mhliogn^liy  (np  m  19S5)  can  be  faoad  in 
lefcreaoe  [8].  In  the  neseat  pqicr  the  mam  CQ^hasis  is  on  the  FOTD  DKfaod  m  the  original  fannoltiioo 
of  Yee  (9)  and  tbedtaewrioa  vriU  be  farparaUclBatta  op  coapwen  with  a  angfabtstruction  mnliqde- 

The  aim  tTfUtpa^isttoerf^m'te  agmad^trodnciioo  to  pm^  computfag,  lo  be  a 
nttorial  on  bow  m  paiUelixe  an  enitiiag  segowtial  Foctna-code.  and  to  Ulustraie  fae  1^  of 
performance  that  may  be  realisticsUyeapected  far  FDTDajqilicstiooi.  In  the  leiaainiiw  of  ddip^ier  we 
diicnm  the  pwelkliaatiqn  of  FPTDalgwditua  on  the  Matfir  class  of  cooeputets.  although  most  of  the 
oonridentioos  bold  eqnelly  well  far  other  types  of  atchtrectiiiea.  In  wedon  2  we  give  e  btm  overview  of 
various  types  of  psaUd  computer  atchitectans,  disetus  software  isaes,  and  describe  the  MasPar 
family  of  feompuien  and  their  relation  to  other  ptasUeltnacbines  with  related  architectmes-Sectioo  3 
oudiM  the  Full)  method  and  eattmeram  various  approaches  used  to  parallelize  an  exisiug  FDID 
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code.  Scctioa  4  premiu  ind  enilyiei  the  thniiii  lesnlu.  while  lecdon  5  concludes  the  piper  with  a 
sumoHry  and  a  disciusioD  of  futuie  w^ 

2.  bnct  !■  parallel  oomputiaf. 

Conveiitianal  tinsle-Cnj  compoten  baaed  on  the  ao-ealled  voo  Neomann  aichitectuie  are 

lapidly  apptwhiliy  twnitjiwwiMi  phyti^l  limiaiinm  hy  llo  rt  tlif  rt  ligtir  «t«rf  lll> 

loWef  lii^  pat  oo  miiriatiitifitinn  by  quantum  mecwical  eCecta.  Ihua  the  ooly  way  to  maintain  the 
eapeciadineiiBaaefaiconipiitiTapeedadifaiin>Biaao|etaevetalcji»npuitritocoopenMeonaaintletaak, 
Le.  10  aopkqr  aone  fbnn  of  panJlelism  [10).  Of  ootBie,  evea  00  aequeadal  0Qa9Dien  UmiKd  nmns  of 
panDalirai  have  been  naed,  Mr  exan^  by  havios  bitparallel  arithmetic  or  by  aUowiag  for  insauctiaDi 
idpetinlng,  but  the  amnnm  of  apeea-np  ao  be  obtained  in  this  way  ia  tatto  reatricted.  Cosuputer 
afcUiectmaf  may  be  claaaifiad  ooavcakoily  in  aenns  of  a  laxoDomy  fitat  proposed  by  Flyw  in 
1972,  baaad  00  the  aotiaev  of  an  inaoucdon  sBcam  and  a  data  aacaaa.  In  imt  sriieiDe  andbioaal  ongle- 
pBOceaaui  martrinei  an  called  SISD  (aingle  iaiDttedoo  ringle  data),  aioce  then  is  a  single  insttoctioa 
stream  and  etch  inatnictinn  openses  oo  a  tingle  datum  at  a  time.  On  the  other  han^  moat  parallel 
marhhift  in  current  nae  eithn  employ  the  SOffi  (single  instnacdoo  muli^  data)  or  hOMD  (multiple 
inainiciion  mnhlplft  data)  iMMadigm.  In  the  first  case  a  tingle  insmetiao  ttienm  broadcast  by  a  smale 
eoanol  nait  is  nxacined  ^  many  pocessitig  ekoienii  (FE*t)  acting  00  dffeitot  dau  elements.  The  FE's 
an  ananged  in  some  tegular  ftsltiannnch  as  a  mash,  hyperobe,  tree,  etc,  and  opeiaie  inn  tynchionons 
way.  SHAl  ia  vev  atidl  suited  for  maaaively  parallel  ptQcmmming.  with  many  thousands  of  PE's 
awndnt  coopeniivriy,  and  for  problems  srith  a  high  d^ree  of  gramilarity  and  tnberau  panllelim 
MlMDpatalleUmaisamonpBiiBnlftaiiiewoAinadilcbpaoueaicrsmay  besiiiniltaneooslyeaecoting 
diffetBK  fautractlons  oo  differeot  dota  hi  wewitislly  so  aamnemoos  manner,  no  cenmlized  or  global 
synchenaiimion  tnerhanism  beiag  pieiint.  Ueaally  bOMD  ceogteiint  contain  a  relatively  small  number 
A  processors  (teas  m  bandteds)  and  they  an  coosUerad  to  be  better  sated  ibr  coarse  grained  or 
■tnwaiar  peobkms.  Altboiigh  by  their  very  design  they  an  nron  fleaible.  MIMD  machines  an  quite 
difSaUi  to  peognunefificiently  and  fnm  can  needs  w  be  taken  that  peeper  load  balancing  is  achieved 
such  that  the  number  of  idle  prooesaun  it  kept  to  a  nrinmnan.  In  both  psallel  pandigiiu  it  is  also 
itaponam  that  the  amoont  of  inteipenccstoc  data  ex^btage  is  relatively  small  since  communicetinn  is 
mneia^  a  ahtwer  psooets  than  nnmpntation  and  «..)  commonicaijon  cbeonel  usually  has  s  small 

it  it  .In, 

imponantmknepootnoaaiicaiinndiaanBes  short,  an  iswe  far  ivhich  the  mteniooneciioo  topology  plays 
an  heponaat  rote.  Higher-dimenBaaal  networks  an  to  be  prefaiied  far  their  ihori  iaterprocessar 
diwancief,  hot  need  meey  man  haks  than  towefHBmenaiooal  ooet  omkiag  them  hmder  to  design  and 
baud.  Most  mirWnti  provide  loem  fag  comoaawntlnn  tnrrhsriim  betweeo  neerty  processow  end  e 
sknror  gkhal  «!otr.mmr.itieo  merhaniem  (a  *rooler')  between  any  two  prooetema.  Ancthcr  issue  in 
which  Mchitectnnsdiftierie  the  memory  organnotiamiashendmemoeysyaeaBs,  all  processms  Shan 
^ehal  mearoty  in  a  tightly  ooepled  or  loote^  eoqiied  fufaian  and  iafatmatirro  exchange  happens 
priamiily  throagh  oemnl  meraoty,  while  ia  distribuied  mcaMty  syiie^  each  procetsor  bu  its  own 
locai  meoHry  end  psocees  ooopention  ooewa  ihiot^  meesage  pnssmg.  adly  sbeied  memory 
symmi  employ  a  singie  bus  far  Interpneeteor  oommuaicalian  niher  than  a  tiue  inmconaectico 
aetweifc.  Ttm  M  Boofacr  of  posriblo  designs  is  vei)r  large  and  enmetotts  prototypes  have  been  built  at 
leaearch  imthiuioiii,  while  the  nmaberol  ccuauermHy  availaMe  aaachines  also  centinnes  to  increan 
[10,11]. 

Rom  the  taftwmc  point  of  view  the  devdopoMR  of  an  efficiem  pmalld  algoridmi  is  not  an  easy 
task  which  ideally  rirould  not  itari  ftom  panmg  a  sequentral  oode,  but  rather  fioim  a  nthinfciDg  of  the 
entin  approach,  lilany  probletm  end  toiittiaa  soamgies  posaett  a  Ugh  degree  of  inherent  paiallrliam 
which  is  often  obsemed  when  the  sciuiian  is  aaempttd  ^  a  eequealial  algeiitlim.  A  naeful  meesun  of 
the  periotmanoe  of  a  pmallel  program  is  the  ipeed-ta  atamed  adneh  is  dc&ied  as  the  lime  necessary  ID 
exacute  the  algotitfam  on  a  tingle  pweenor  divided  by  the  tine  this  lakea  on  N  ptocesters.  Then  are 
tone  problemewiih  this  defininxiiinoe  it  is  not  clem  how  to  obtaiB  the  tine  necestaiy  for  execatioooo 
a  sin^  piocesior  and  often  some  sppsoximatioa  is  used  or  the  iceling  bebsvior  over  a  range  of 
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pwccMor  my  tiiBS  li  luwuipd.  Also,  lUtough  h  adfht  laiveiy  mev  that  the  mixtanum  potsible 
ipced-np  witu  N  procenori  would  be  N  (a  linear  nMmp),  there  bu  been  a  vocal  debate  ia  the 
liwaOBe  about  the  potiOriliiy  of  (uperiioear  apeed-up  (12],  wliiA  BBiy  aocar  rn  cajiain  Kaieh  peoblcDis 
with  landom  eleomta.  However,  dda  laaoe  need  not  coBccm  ui  hm  dace  we  are  cooddoed  with 
detenniiuatic  calcnladoiia.  In  rare  caaea  the  noblem  bieaka  up  into  N  iodepeaiteai.  identical  pieces, 
leidiiif  to  to-cailed  ‘embairaaaingly  peiiller  code.  The  ^eed-up  in  ancb  caaea  ia  N  aince  there  is  no 
ovcrtieedaaaociatedsrithoomniiinirarinn  or  aerial  nmtioiia  of  the  code.  Thiamay  happen  when  an 
idailical  eakalarioo  needa  to  be  doae  for  a  lanfe  of  panoieaen  or  iniiial  oooditiana,  exaiqile,  to 
calcalate  avertfea.  Soeh  tvtmpiiiaikiiial  mproMihea  have  been  called  teplieatian  algocithma  [13]. 
However,  niaatprableait  do  not  HU  la  tfad  data  and  taore  npieally  ooe  aenda  to  find  an  efSdent 
nappinf  Iboa  tM  poUeai  ao  the  laiset  parallel  oooyuter.  CoiBmoB  approechea  laelnde  peooteitic 
parabeliam  aad  data  ptraUeliam  [13].  In  the  fiitl  eaae,  the  phyiieal  apm  fat  which  the  aytteoi  to  be 
uiveNiiaied  naidet  ia  bitdiea  lip  into  odla,  each  cell  aaaodtKd  with  a  pcDceaaor,  while  in  the  latter  caae 
it  Is  the  panUaUana  in  the  matheoMdcal  fcmnlatiaB  of  the  praUem  Hat  ia  exploited.  Other  techniquea 
include  mride-aad-oooqnB  methods  ia  which  the  task  it  aabdivided  la  a  nee-lilge  bahioa  ami  icanla  ate 
puaed  fiam  the  leaves  to  the  patcata.  Qearly  nioa.  of  these  appioachea,  except  data  paiallelini.  are 
K  Bdted  fat  MIMD  frwipiiirn.  dace  the  taaka  allocated  to  each  processor  are  not  neceaaarily 
>,  .dcd. 

The  anetieye  of  panUel  coo^Mting  has  also  nrceadtstad  the  development  of  new  cooipnter 
laafnaaea  or  estentnas  to  old  ones,  to  allow  pemlirt  coostmctt.  OrifinaUy  there  was  a  considerable 
Ivcfcofanaidairtiwtitai  with  each  machiae  having  its  own  pniyannninilantBMe.  but  tecently  more  sad 
tnore  efSon  ia  beiag  made  to  eaodiliah  some  nniiionBisy  and  coogitdbiliiy.  ta  pmlciilsr,  the  Fbnian 
coamnaiiy  has  adapted  a  powerful  new  atandaid,  FoRtan  90,  which  comaias  leveial  feanaes  of 
primary  htteiest  for  parallel  progtauimlng  [14,13].  Of  parrienltr  relevance  are  the  potwifbi  array 
operatiOBa  anppoMd^thii  language.  Per  eaait^de.  the  sum,  C,  of  two  arrayi.  A  and  B,  of  the  tame 
nsem^  be  wwenplliheddn^y  by  the  tratemmtC- A  •»B,tatfaef  than  by  ifae  standard  neared  locpa 
raaeing  over  aU  dsneoB.  Uteidse.  the  atatement  C  <■  A*B  aaaifna  ID  the  elmnem  Cu  ihe  valoe  Au*Bij. 
Nine  iMt  Jut  ia  ooc  the  orMtix  prodbact  The  WHERE  atatemem  may  be  need  to  eadvi  valnca  n>  oaly 
thoce  amy  elements  where  e  cenain  kigicel  expicesian  evaloeiae  to  tme.  For  esam^  the  fbllowini 
aouement  nils  each  deinem  of  the  an«y  A  with  the  inverie  of  the  concqioiidfaii  elemeat  in  ettay  B  as 
loogr  ''  !lancrianon-xero:WHERE(BM))A>l.aiB.AdmiiariBattnctiDatsFORALJU«dticbwaa 
pc  Jt  rdgfaudFmnSX  draft,  but  was  nuietained  fix  the  Fottaa  90  aaaaiad,altfaou^  ilia  being 
ttse,.'  “ '  number  of  maufictBren  u  an  oxieniiDn.  It  aUowe  the  conditionel  euigamem  of  array 
clem,  »ed  on  a  oonditioo  that  itself  raiy  contain  e^lich  anbscript  expreadoos.  Many  moR 
inamM'  '’'amea  aepreaeraia  the  lBagiBge,boi  the  ones  jMdiaeiiitedxe  of  uncial  lekvatcc  to  the 
diK3id.  d  iliia  paper.  A  new  aantlaid  ia  caRsdy  mSer  developiixm  by  ibe  Hi^  Perfocmence 
r«wh  iuaritiL 

In  the  preseal  weak  die  maiaiiitareat  lain  the  MiaPxMP-I  and  MF-2(PECapp  12000)  daaa  of 
moidvely  pastel  oonapateas  [10,1 1,16,17].  In  btief,  the  siacfaiDea  ia  drii  claai  ne  bwed  on  the  SIMD 
peiadigmaM)  oosiat « c FB^Biay  ttiaaged in  a iwo^diiaeaiiQoil oxah  with  toraidnl  wnp-aooad 
bouadtey  uiu  ioas.  Tb^  an  made  not  of  1, 2, 4,  l,er  Idpiooeaaor  boorda,  each  of  which  boUa 
1U24  PE's  and  their  atMCMed  memoty  (16  kbyte  or  64  kbyrn  m  Dynanic  RAM  as  well  as  ficiw  32-bit 
regiaas).''  'tooaalooaoolofthePBetreyiapeifnrniedby  iheAaTayOctatolUnit(A(J[)).’niiaiaa 
r^aMt'btk  .  ,oad/amre  12-MIPS  aealar  RISC  ptoeeaior  which  faachei  tad  deoodea  the  machine 
insinRiant,  jsivUm  cUieaa  and  tcaiar  oonqiniaiiaiis,  mooiion  the  atana  of  the  FE  array,  aad 
bioadcaata  eoniiol  aifaals  to  U.  h  nddhinn  it  nintahit  12S  kbyte  cf  data  nraaoiy  and  1Mbyte  id code 
MM  Ttg  enriddii^tl«n«  itir.PP-«rMy,  the  c!,«iimnniraririiiniiriMmnn.iiiil  the  ACII  fa  called  the  n«ia- 

Unk  (DPU).  IntetproceworconamBBicaikio  between  oeareM-neiihhrrPE’t  it  pocdble  throt^b 
ifaeto<iUedX-aeiwtaicb  thila  eech  IS  to  its  dght  neatest  neighben  and  pr^.idet  a  fast  conairiaiifatinn 
path  wMi  a  bandwidth  hnween  1  and  20  Gbytm  depending  on  'he  mojeL  Data  imerchange  between 
arttinaiy  PE’s  it  ptowidol  by  a  global  toour  baaed  00 1  iDuid-sage  bkmctical  ctoaaber  switch.  At  most 
1.024  wnnltaueooa  Hnlci  an  possible  and  the  tyamm  is  able  to  cpfRitB  at  ID  aggregate  bandwidth  of  IJ 
Gbytei/t.  The  global  itNiter  is  also  nspoodble  for  data  transfer  to  the  r>'jh-specd  lA)  subaytteoL 
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deiriy.wlieiievgpnwihto.rayiirfioiiOTBuioMioMihmild  be  avoided  lineeifaey  we  »towerihinX-iiet 
oPHiaoM  lad  iwmaaie  a  lane  IhiJiioD  of  be  PE-mv  to  lanaiii  idle.  The  conpuier  is  fienKnded  (o' 
a  uaix  wotktiaiiOB  with  siaadaRi  VO  which  emvides  the  user  imesface  and  netwiafc  eanmunicaiioa. 
Only  when  there  is  need  for  maa^vely  panllel  eaeciaicn  is  ifae  DPU  invoked,  all  other  seqnentisl 
oomMKBlkia  isj»tamed  on  the  ftnateaa  The  laner  also  aca  u  the  host  for  the  MasPar  PToframnani 
Ea^nnaieiit  (MPPB),  a  powerful  debuniaf  aad  code  develapmeat  aid,  u  well  as  the  laneuafe 
cenailert.  Coimity  two  lamuates  are  sunnohed:  MPL,  a  veirfon  of  Kemiehan  aad  Ritebie  C  with 
|ietalMegtBnai«ina.aiidMPfCa»eaiaaflfPiiettin90wltfaeatBisions(iiielumaiFORALL).  In  Mn. 
the  coeapaaer  arcUiecnm  is  aooaaslble  so  the  imr  who  baa  coottol  over  the  iocaiiaiu  when  data  will 
reside  1^  the  poaaibttiqr  to  addraaa  individaai  lE’a  la  MPP  on  the  other  band  the  amy  size  and  PE 
cooMia  are  hUoiB  Ann  the  naar.  ms  hat  dN  adviDtaae  of  bacnasini  code  pmUtiiy  between  models 
and  even  to  and  tan  ether  aRbswcant,  bet  it  oatM  that  the  boRlea  of  ihe  panlleliaaiion  eflint  ooetists 
of  poBhai  die  code  hi  aneh  a  fcnat  that  dM  ooopilet  anet  data,  especially  anM  in  the  desned  temat 
CaiiTO>'<H*Bed«ns  tie  available  to  aaaisi  in  dda  task.  The  leeeady  aBnauiced  MP-2  icjcfainet  ire  biaay 
oonpadUe  wbh  da  MP-1.  bat  are  aboai  3  tbneaCuier. 

b  aenns  of  aRhtaeciiire  the  MasPar  oompaaen  are  veqr  sfanilar  to  da  Dinibiaed  Anay  fyooesior 
(DAP)  te  whieh  a  pood  deal  of  expetdte  has  been  aocamlaied  (18]  as  well  as  a  nur  'jber  of  coenputen 
that  woe  aalaly  om  ia  acadeode  or  itsaareh  tahrminiy  eawboaiiaaa  (niiac  IV,  MPP,  etc.).  Periaps 
the  best-known  class  of  SIMD  oompoan  is  da  Ccaaciioa  Madfne  CM-2  family.  Hase  machines  ate 
bated  on  a  bypercobe  arcbitectnre:  tbgle-bii  pncesacas  ate  connected  in  a  twelve-dimensional 
hypeiGobe  eea  node  of  wliicb  oqr  have  np  Ki  Idprooeaaan.  They  ate  not »  be  confused  with  da  men 
raoeai  CM-3  bnatty  eddeh  eset  a  ndxed  SIMiyMIMD  pandiim  (tonadnas  called  SAMD; 
SynebnoonafAtynclironaos  Mtildpb  Data  [I^  b  ndaht  aaam  that  altorithmi  developed  fat  a  mesh 
cnttyuterwoaldnotbeeasilynjipiBdfar  other  leometnes,  hot  fatnmaiely  it  turns  out  that  mtny  of  the 
oooneedvity  snpbs  nay  be  embedded  inm  others  (19],  to  that  an  alsondun  for  one  may  be  potted 
icladvely  eaaly  to  another  one.  b  paRic^,  da  two-dinaasional  meib  can  be  embedded  quia 
tarairfufarwardly  tarn  the  hyperenbe  and  this  tammg  i$  wypotad  by  da  Fonan  atvironnan  t  on  the 
Ol-Z  Thus  da  alforithn  and  approaches  to  be  diaeataed  hem.  althoogfa  implenaatcd  on  da  MasPar 
ootnputers,  have  ePM  wider  andtcability. 

X  Maatively  parallel  FDTD  tlhodi. 

To  iUoaisa  da  penlleiiadon  of  at  cxlsdai  trqaoirini  code,  we  decided  m  take  e  ptogtam 
liaadbaE(2]Cpt[M  199-203)  wtdcfabivoivcs  the  peactndanofa  plane  wave  nuo  a  bnleudieleciric 
sphere.  AMroagli  oda  is  by  no  laeaas  a  very  ootBpUcaied  or  dme-conaunmi  calcnladcn.  it  is  of 
snfBcieat  fetanlity  aad  oonmbxity  » cake  oooaidenifab  tCCan  to  paiallelue  it  cfHciciitly  and  it  also 
allows  os  10  UhBttite  some  of  the  typical  snaie^  that  may  boosed  to  acormplidi  dns.  As  meadooed 
bofbn,  b  is  net  thiays  best  to  ay  10  poR  aa  ■nsdag  soqnaadal  onde  to  a  parallel  machine,  a  process 
tpdy  described  es  ‘ic]nveMiiag  a  imeadal  code’  by  Ln  ct  td.  [7].  b  the  ibat  place,  there  is  no 
(namaee  tbtt  the  inoR  efflcieai  pndlu  aiforitte  it  aiao  the  beR  seqoeaiiel  alaaRma.  Also,  b  is  oot 
aiwM  eesy  so  diroeni  the  esiiHiaf  pHalleiimi  a  a  ptRiealv  ilaoibfana;  somenmes  the  maiheaiideal 
aoiadan  biuf  obKiaes  the  pteaeaoe  of  penOel  opeMdoai.  Even  ff  Btt  alioidan  ii  pvaEel  b  netae  aad 


gnaamee  tba  the  BOR  effleiea  ptrtUu  aiforitte  b  aiao  the  h 
aiwy  oasytndifoonidaoKiaringpaallebaiaapadcalaa] 
noatsnn  baoif  obaaes  the  pteieaoe  of  paraPel  optnadotis.  Even 


this  code  ba  than  trivial:  oonwmctiaachMlERaieinenti  aad  OOTO’sbFoHaa  need  n>  be  replaced 
by ‘PORAIX' or 'WHERE*  bmcticdant  a  Fonan  90  end  tUs  taey  be  ■  daanbg  aad  tbne-consumbg 
tM  Oaaflaw  a  and  bom  wtavadaes  b  aacdieritaae  dat  needs  a  be  handled  cereftilly:  CI^IMON 
blocks  a  ptrtieoltr  ere  oAen  e  sooroe  of  enots,  leeding  many  pragrammets  a  pass  all  anunmis 
expUcbly  a  the  abrootine  call  b  bet,  COMMON  blocks  ate  cottfidaedobeotae  a  Fonan  90,  along 
witfa  varions  GOTO  staameets.  the  CONTINUE  Btienieat.  and  ocbea.  Also  botder  a  accomidish  an 
efBciea  mappmg  of  the  dUB  anays  a  the  prceesacr  anay  one  needs  a  nndermnd  the  way  this  it  done 
by  the  compiler.  Oeaily  b  is  nnpaitnc  a  maritnim  the  number  of  active  ptocesaots  and  a  it  may  be 
aecesHuyarB-aRiiy  theotderof  thesabaripttmiaenny  mcrderaeccnniplishthii. 
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It  will  be  umaeil  ifaet  the  leider  ii  fimiliar  with  the  geaenl  Ideu  behind  the  roit)  method: 
ftatfaer  dettils  may  be  found  in  the  oiijioil  Moer  by  Yee  (91  or  the  leview  by  Taflove  end  Umnshukar 
[20],  ai  well  aa  the  text  by  Sndiku  [2].  Aa  u  known  the  method  wake  diiecdy  bom  Maxwell’i  time- 
dependent  eutl  cqiMdcoa  and  uaea  aecood-oeder  cennl-dtffierenoe  approximations  (or  the  spatial  and 
temposal  derivatives  of  the  electric  and  mafnetic  fields.  Thus  it  is  a  relatively  sifflple.  yet  fast  and 
aocuiale,  mediad  to  apptoxifflalely  detemnne  the  waves  propapting  in  physieal  space  by  a  tiine-stepping 
piooedun  on  a  diiom  grid.  In  Yen's  ariginal  noiatico  the  grid  poants  ate  denoted  by  integets  i,  j,  m  k 
asfoUows: 

(ijJt)-(lAx.JAy.kAi),  (1) 

where  Ax.  Ay,  atid  dz  ate  the  laidoe  iDcnmema  in  the  X,  y,  and  z  dnecdan.  Hie  grid  spacing  is  typically 
taken  to  be  ei^  cr  fixteen  oella  per  wavetength.  Likowiae,  any  function  of  space  and  tune  will  be 
denoaedas: 

PMd  Jt)  -  RiAx,  JAy.  kAiMt).  (2) 

where  n  ii  an  integet  and  At  is  the  time  inerntaent  choaen  to  ensure  stability  of  the  tune-stepping 
algoiithm.  Since  the  physical  dtenaia  invotwed  it  anally  unbounded,  some  fctm  of  boundary  conditions 
neM  so  be  ittmoaad.  Here  sve  only  consider  the  most  widely  used  form,  the  absorbing  boundary 
ooodiliaos  devmopnd  by  Taflove  and  ooilaboiaton  [20]. 

The  six  FDTD  M-jadons  at  tataetior  poira  are  all  qime  similar  to  each  other  and  can  be  found 
in  the  referencej  menttoiied  earlier  [2.9^].  For  the  sake  of  discuaaioo  we  just  list  ooe  of  these 
eqoreioiii,  which  gives  the  x-compooent  of  the  mametie  field.  H,.  at  tune  a  in  lenm  of  Hi  at  the 
previout  dtnestep  nd  the  y  and  X  ooraponenn  of  the  cdecffic  field.  Ey  and  El,  at  previous  tune  steps  and 
nearby  grid  pcitni  (equadoea  (3.86)  in  [2]): 

Hs'KijJt)  -  H,»-I(ijjc)  +  Ey»-*(igac+l)  -  Ey»-J(ijjc) 

-E,«->(y+U)  +  EA*(y*).  (3) 

Qeatly  these  equadoiu  are  weD  suirnd  for  parallel  coeoputation  since  only  dau  £ram  previous  nine  saeps 
and  from  neaiesi-neighbar  grid  points  tie  needed.  The  absorbing  boundary  conditions  (equations  (3.82) 
in  [2])  are  similar  except  that  all  fields  are  calculiited  in  letma  of  quantities  two  time  steps  prior  (for 
ixoptptioo  in  fieeqiaoe)  and  spsthdintenctiae  is  with  grid  paints  that  differ  by  1  from  the  cuinnt  one 

^  ntM»  flf  fpf  CMBByiC* 

Hy«(0jjt) .  (Hy^ioJt-l)  +  Hy'-iddJt)  f  H.»-J(l  jjt+l)y3.  (4) 

Aa  can  be  teen  this  expiesskn  is  stiU  well  suited  for  paralleluaiion  as  it  involves  short-range 
cocnmunicariona.  In  the  purticalar  code  that  wu  pmaUehaed  the  initial  field  cootian  of  a  iin|le- 
fiequency  ineirieat  plane  wave.  The  program  ttam  by  putting  all  field  coomoaenis  at  the  grid  points 
eqiw  m  mro.  wtiile  the  plane  wave  source  is  acdvmed  at  the  first  thDe  trep  and  left  on  for  die  dutanoo  of 
die  cdcalatioa.  This  proMon  it  of  ooune  eatctly  aotvabla  and  nmnetical  mtnlia  obtained  were  compared 
w  Mie’a  ctact  solmion  _ 

Tbe  paraUelixuiaD  of  the  FD1T>  code  proceeded  ia  a  namber  of  stages.  Pint  the  original  Foman 
77  code  was  compiled  with  and  eaecusedtoettabliih  a  batelinr  far  Ware  conqiatiaen.  Since  only 
Fortran  90  construcu  actnaUy  rgn  oo  the  DPU  ao  purellehaiiop  was  obtained  at  this  level.  Next  all  DO 
loopi  were  conveised  m  Foittiu  90  by  eliminating  CONTINIIE  aiaiememt.  At  the  same  time  siisple 
loop  aarignmem  epererioos  were  wu  vei  led.  For  CTsmpiv.,  iniiiaiisatioo  of  the  fields  it  performed  by  a 
fff  Rv  ■  Ou  which  iniliilises  tp  scro  all  dcoQCBB  of  the  fiDUFHSiaKQSiooil  ttfiy 

EV (OOMAX-t-l,  (hJMAX+I.  OiKMAX-fl,  OrNMAX).  Ute  cam|Hler  dixective  CMPF  ONDPU  EY 
insinictt  the  oongdler  to  put  tteairey  on  the  FE-awty.  The  default  aaiignmfiTt  on  the  MaaPar  it  that  the 
first  ini^  goes  along  the  x-diiecdon  of  the  grid,  the  second  one  aloag  the  y-dnection,  and  funher 
indioes  are  put  in  re-memory.  At  all  stages  it  was  checked  that  the  nutnerical  results  still  agreed  with 
those  produced  by  the  .i«qiie.iitial  code.  Next  a  number  of  mere  conplex  loops  were  panllelized  by  using 
the  suosoipt  ii^let  notation  which  allows  one  to  refer  to  a  range  of  subscript  values  within  an  area, 
deHmiwidey  «l~»«-hniind  in  nfpjrhni.iiH,  mH  m  iinTmw  Rir>>T«nqil>  the  dOOblC  loop  Over  I  and 
K  to  budk  the  bonadary  condition  on  EX  near  J  •  1  is  written  in  MFF  as  follows:  EX  (^IMAX.  0, 
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OcKMAX,  NCUR)  ■  EX  (OiIMAX,  l,<hKMAX,NPIt2).Ha«lh«iBiifaiiepiiindbycoloiiia«pBt 
of  the  (the  diiiil  demeat  ia  the  oipiei,  the  inciainnnt,  it  1  la  this  case  mvJ  nay  theiefote  be 
omiaad).  la  oitia' 10  iTMaaN  linoBadUlety  the  eActt  of  panllaUiaiiaD  the  mis  loop  over  1, },  and  K  in 
the  iwpiiintlal  code  wm  brakta  op  in  aavefal  aBalier  loopa  iod  aach  kiop  iadivUti^y  lacUed.  Ia  diit 
way  the  loop  for  the  interior  uid  points  oooid  be  ccaadaialy  paiaUeUted  and  the  same  was  pouible  for 
many  of  the  abaorting  bouadanr  oondiiiaaa.  Howavet,  to  a  aumber  of  boundary  conditioiis  it  was 
poanbie  n  one  of  the  loops,  bat  not  the  other  baauie  of  the  ww  loop  variables  were 

otgaalMd.  For  thoae  cases,  fORial  paialldixaiioa  it  obtained,  Le.  a  BuoibeT  of  re’s  all  la  the  same  n>w 
or  oolnoB  wfll  be  active  shnultaatously  but  inatl  will  be  idle.  Thtre  appears  w  be  no  easy  way  to  avoid 
this  tan  oooBriBg  and  tfaaee  loops  (wtaiefa  ariU  be  taeluded  In  the  sequential  thniap  to  be  printed)  at 
present  put  a  ttedt  00  the  ssnoont  of  nanllelimkin  that  can  be  obtained.  Fiaatly,  the  caeoputation  of  die 
inaxinaBB  of  the  abeolnle  vahias  of  the  field  ooaqxneoa  which  is  a  cotnUnatian  ef  a  loop  sod  if-iasts  in 
the  seqnendal  code  can  be  parfbnned  qdle  etega^  by  a  WHERE  ccostnictioo  in  the  parallel  code. 

4.  Raaalta. 

We  now  ma  to  a  diaoiesion  of  rtniie  of  the  performance  results  of  the  parallel  code.  All 
cakaladoas  werepertomadauaC'^ncdeMP-l  h  Florida  AttanicUnivenity  and  a  8,192-node  MP- 
1  atMasFcrbeiulquettetsinSu^vale(CA).TbetoinerDBcbinehas  16  kbyte  of  memory  for  each  PE, 
while  the  lener  hu  64  kbyte  of  re-erefflivy. 


0  10  20  30  0  2  4  6  8 


Hg.  l;E3MCOdotittr»(insecetidi)asa 
fanedoa  of  poUem  siK  (number  of  grid 
points).  Solid  drdes;  psiM  poitioa  of 
code;  open  ebdes;  sequential  potiaa  of 
code. 


Fig.  2:  Eaecudon  taae  of  tuUy  paiallelixed 
loaptoimeciarfMpoiatsoDvsriousinB- 
ebto  sizes.  Time  is  measured  in  aibiiniy 
uaits,  the  number  of  pcocestca  is  in  mul- 
t^les  of  1,024. 


Hg.  1  shows  the  ewcudoii  time  to  10  time  steps  on  the  8,192-nade  MP-1  of  the  parallel  and 
sequenrialponioos  of  the  onde  «  a  faactioo  of  problem  rise  (measured  as  the  tool  nuasber  of  grid 
pomts).  Batedonaaotapaiiaan  with  sequential  mas  we  estimaiediat  the  code  cuneady  is  aboot  95% 
paralleL  As  can  be  seen  the  eneenrion  rime  to  moderately  siaed  problems  is  essentially  domioated  by  dK 
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3%  of  die  code  that  is  saqueacUL  This  U  la  UlasoaiiaB  of  AaadaU’t  law  [12],  wUcli  stales  that  the 
poasibta  apeed-ie  by  usloi  panUelism  Is  Umliad  dace  aveatuaUy  a  nail,  taut  DOD-nqiUtible,  lequRitial 
Bocdna  of  die  Wide  win  doadaaa  te  easeadoe  base  aad  tfaaa  Uaii  dM  iidas  asadned  by  ns  pnUal  pans. 
The  dma  speat  ia  the  aaqtieedal  poniaaa  lacnaaas  aaa^  Uaeaily  wUi  prabteai  sia  as  U  w  be  expected 
and  dds  is  what  uldflistety  Uaalts  snaiuble  speed-up.  Rg.  1  shows  that  the  panllel  poRiaa  of  the  code 
has  a  much  miider  iacnasc  with  ptohil  sixe.  Ia  fact  h  sxhihiis  plaisaiis  (oely  one  of  which  is  shown) 
ainoe  the  eneudon  data  of  a  panlUl  swensm  siiU  lemsla  oousant  with  iacna^t  peblem  das  u  lonf 
at  not  all  rC's  are  busy.  Only  whaa  the  anay  si»  erscaads  a  muhiple  of  die  RB-anay  ^  does  wnp- 
swundoecaraBdtheeaaciuinndmsafihapeiallsIsiaismaBniagwaseedisBOoHniauily. 

Par  esaiqr  yaats,  Amdahl's  law  wu  eaaaidcsed  am^  obetaele  towmds  axphddBi  panUelism 
uadi  it  was  naUaad  that  the  hidden  attuopdon  ia  da  dativaiiaa  Is  that  the  penaaiafa  of  asqaimiial  coda 
lamalBS  canstsat  m  the  aiaaber  of  amcaaiaat  incraasai.  It  was  taed  by  Oaataftatt  sad  eoUaheraam 
that  it  it  aian  saaaiblB  to  soak  up  the  nsobien  aiae  with  the  anaSber  of  paocasaon,  thereby  keepiaf  the 
wocUoed  per  laoceasot  oonatant.  and  this  laeda  m  the  Oustateo-Baiaia  law  wh^  it  nsuu  more 
opdit  iatle  n  ks  pndfcdoa  of  possible  speed-up  (oow  ealkd  ‘aoakd  speed-up*)  [12].  WUk  we  have  not 
yet  peribHued  meaaamneais  of  scaled  speed-up,  Pig.  2  tbows  the  eSect  of  iacRaaiog  the  number  of 
ptocasaon  for  fixed  problem  tiae.  To  eleetiy  dii^qr  this  we  have  oaly  dmed  the  peiallelieed  loop  over 
huertor^  points  ^.(3)  above).  The  caieoladOB  wet  pmfcmied  far  the  19x39x19  grid  also  used  in 
the  origiM  cock  UsM  ia  Sadiku  [2].  This  problem  siae  does  not  fit  very  well  onto  the  PE-anay  sixes 
(32x32  and  muldpiee  of  it)  end  thus  the  spaedtm  is  oM  linear  M  ndghi  be  expected  since  the  number  of 
idle  IB*  t  and  OGinequeat  itxwr  calls  vary  on  doerest  tnaefaiae  sizes.  Ia  pnnicaltr  the  dme  diffacooe  in 
geing  from  1/J2A  to  2j048  mooesaan  is  very  small.  Bmnd  that  however,  the  qieed-im  it  eloee  to  2 
when  foing  ham  2.043  to  4,096,  end  appmrinmaicly  3.3  when  goiM  horn  2.041  to  3,ira  ptocesson. 
Ptelinansrycalealattontthowthatifgriiil-tizeteremahipiesof  uiera-anay  ttaeamoieliaeaftitndii 
obtained,  bia  we  feel  that  it  it  of  mote  interest  te  show  what  is  possible  with  icalisdc  pid-dzes. 

5.  Coadnskma. 

SuaoBMfuiBg,  we  have  shown  that  for  a  lelaiively  simple  case  of  the  PDID  electromagnetic 
scatsering  algerlthm,  ms)or  speed  iaprovemeats  ate  pottble  on  a  pattlfel  camptuer.  This  is  mainly 
hncanie  m  tbs  aeanu  fatmulaiinn  of  the  undeclyiag  eguatfaint  sad  lu  feet  that  only  valoea  oe  oeaihy 
grid  pohus  are  needed  a>  uodMe  the  fields  at  a  oertaia  grid  point.  The  mein  loop  of  the  calcalaiioo  tt 
inwier  posnis  is  oomplei^  sttaightfarwiid  to  panlldize,  bm  gnaier  csie  is  needed  to  handle  the 
shembiag  bcasadeiy  auxKiinns  BecsnsetliewiiteBrempantlkMmindesIcolstionniBiqieetedine 
legnlar  feafaian  das  qiproadi  is  well  suited  for  SIMD  erchiiecnaea.  The  tnnount  of  work  involved  in 
ptalteHaing  the  code  was  not  negligible,  but  it  was  very  ssdstyiag  a>  see  what  could  be  attilned  eritfa 


Lest  dm  leuder  dunk  that  SIMP  putillelism  is  thecae  in  all  ills  his  also  important  wpoiat  out 
seute  of  its  shostewninp  fer  FDTD  cdcnlarioiu.  (3sariy,  the  appsoach  is  ooi  wall  ntiad  far  uregnlar 
regions  or  objects,  nor  far  adaptive  meshes.  One  mav  have  to  use  MDMD  compusers  fn  tbose  cases 
aimongb  kitd-btlaiiciag  and  synchreninrion  will  diea  be  difficult  m  coanaL  la  ircnngalv  Gooniiaates 
the  miqipiiig  so  a  mesh  (or  hypercube)  is  aancil  and  snsdgtufarwaid,  hut  in  other  cocitlinatB  syssems 
this  m^  not  be  the  case.  Also,  as  Hg.  1  shows.  Amdafal’i  law  srill  applies  in  that  die  Mquemial  put  of 
the  coda  eventually  becomes  a  doowiarinifecwr.Cn  the  MasPsremwemeatrictetl  in  grid  liaes  that 
eouia  be  handled  by  the  bmiisd  amoiHtt  of  PE-memery  and  similar  comtninis  cp|dy  on  our  machines. 
The  iiaasfe  of  the  muiive  atnouai  of  data  stoied  on  a  paiallel  to  l/u  devices  is  often  a 

bottleaeck  sad  has  a  detrimental  effect  on  code  perfonnanct  if  swapping  occuts.  Qearly,  many 
challenges  letrain,  both  algorithmic  and  aschitectutal  in  aatuie.  It  is  to  be  expected,  however,  that 
naisivdypwtjltloompuiaiioiu  will  only  gain  in  anponaoce  for  compiiaitonalelectiomagiietics  over  the 
next  few  years. 

Aclmowiedgcmanta:  Robot  S.  David  is  the  lecipieat  of  a  Motorola  Panooships  in  Research  GranL 


SOI 


RafwMc**. 


( 1]  M,  A.  Motgia  (ad.),  ‘Hahi  fitamoi  and  PlniK  Oiffaratm  M«faods  In  BBcnainaiMtic  Sciiterini’ . 
Elaevler,  Nm  (1990). 

(2]  M.  N.  O.  SwMlni,  'NnoMkal  TadnlqoM  io  EkcnniMneiics’.  CRC  Frets,  Boca  Raton  (1992). 

(3]  R.  F.  Haniaglaa.  ‘Ftaid  Clowi»iitatian  By  Moerent  Madiodt’  Manrillan,  New  Yak  (1968). 

(4]  K.  D.  TMaUu  aid  J.  M.  BorahoUi,  lEBE  1im».  Ma^edcs.  25. 2901  (1919). 

(5]  D.  B.  Davidaou,  lEBB  AaManaa  Kopapdoa  Maiaiinn.  31, 6  (1990). 

161 D.  B.  Davidaok  ITITF  fii— inai  rmnMartnn  w— .<■»  34, 9  (1992). 

(7i  Y.  La,  A.  0.  Mnhamad.  O.  Pa^aiM  R^VlilBchitiHt.  in  ‘Panllel  Piooasaiai  for  Scientific 
Ooapadag',  adt.  B.  F.  Siaaowac,  D.  B.  Kar^  KL  R.  Lei^  L.  R.  ^mld,  and  D.  A.  Reed,  SIAM, 
Mlad^fia,  1993,  m  2t6-22a 

[8]  J.  M.  Ontn  aao^  Q.  V<ti|t  'Soloikia  of  Fnrtial  DUtaeadal  Eqaadoit  on  Vector  and  Patallel 
Camimt',  SIAM,  PMl^l|dda  (19SS). 

(91  iC.  S.  Yaa,  KBB Am.  Prap,.  AI^14. 3(B  (1966). 

[10]  K.  Hareai,  ‘Advanced  Coapaier  Aichinctare  -  PartUelism,  Scalability.  Profianmubility', 
Meanar4liU.  New  YoA  (1993). 

(1 1]  A.  Tkaw  and  O.  WUiaB  (edk),  ‘Plab  Preaeot,  Panllel  ■  A  Survey  of  Available  Parallel  Computing 
SyttBoa’,  Sprinter- Veriag,  Berila  (1991). 

(1^.  R.  Sodih,  ‘ThtOaiignand  Aaalyiit  of  Preallel  Algorithnu',  Oafani  Univenaty  Prats,  Oxford 

[13]  D.  W.  llinriiiiiiii  and  A.  N.  Bartdn.  ‘Pnallet  Altorilhint  in  Oompoarioiial  Science’,  Sprincer- 
V^Bariia(1991). 

[141  W.  S.  Btafaieid.  C.  H.  Ooldben.  tad  J.  C.  Adams,  'Progranuner's  Guide  to  Fortran  90’, 
Mf^wJUL  New  York  (1990). 

[in  M.  Metcalf  aedJ.  Reid,  ‘Fotian  90  Fnriained’,  Oxford  University  Prett,  Oxford  (1990). 

(iq  T.  Blank,  in  Pmoeedinis  of  the  OonmOon  Soing  1990, 3Sih  EBEE  Compuia  Soci^  Internationa] 
htaeita(,20(1990), 

[17]  2.  1L  NkholU,  in  Ihoeeadtati  of  the  OompCon  Spriag  1990,  3Sth  IEEE  Cotaputtr  Society 
Inrenanoeal  Mrntlni,  23  (1990). 

[181 D.  Ptrkintwi  and  J.  Un  (ods.).  ‘Mastivaly  PanUal  Conputiag  with  die  DAP’,  Piiaian.  London 
(19W). 

[19]  F.  T.  Lnithaai,  ‘Inoodnctioa  to  Ptnallel  altortthiat  tad  arcbitecuiret;  atnyt  *  met  *  bypereubes’, 
Motaa  Kaufiaam  San  Mareo  (1992V 

[20]  A.  Taflove  and  K.  R.  Uinasbaakar.  ia  ‘Finite  Eleeaent  and  Fiaiie  Difference  Methods  in 
EkctreniaiBeiic  Scanering',  ed.  M.  A.  Morgan,  Elievier.  New  Yotfc  (1990). 


502 


SESSION  11: 
ARRAYS 


Chair:  Vaughn  Cable 


S03 


Conpatfitioii  of  PkaMd  Array  4cth'e  lupcdMCCS  aod  Conpirison 
with  Meuareneats  ‘ 

PwlEIboc’.  Mcr  Kocit’,  i'anaCha*.  Ridiard  GrolP,  lod  Thomat  CoUins’ 


'  AKCO  Tnflipokiyw 
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WmMu^DC  30037 


Apptnrf  lUnrah  LaborMy 
Thk  Pwfbwa  Smc  Uawinicy 
Nof*A*««iSL 
SiMt  roMigi.  PA  IMOS 


*  C  fir  fcr  Etocttonic  Daaign, 

Tha  Faeflfjrlvidaa  State  Univcnity 
UMver^  pHk,  PA  I6S02 


Tkt  emkaiaitom  ^rt  nsing  tkt 

NmmttaiEi$.'.*9mtgmttcCm^-NBC‘^.  Aaivr  impw^oitets, 

«MM«  ja^^ay  m  « /kitemm  ikr  k*EC  Myamaopa  moduli,  aatf  iMreti  sftrroran  ai»o 

dmehktd  ThtammiummtMjh^mmywmJkmm  S^k3ht»  200AdHi.  wtik  arway  ipticing  of  4  jt4t  k*tmtn  tltmtim,  which 
mm  lJlOmmaemttmmdi^m/mlmfitrtiMcimm:mmkthmik.  Emehckmtmmammtimi^imcsimelmdhrom^mmdcrmsicdghd 
dpmtu.  Tkrlm9>r.ti^eeemu»dgnddlpmiiitmttd^mrihitemrpmnimmm/dnf,fiit^»tn^h^tdmtdiAcMM»aiicreroin*d 
f^dipokumtid^c  ikthtghrrJH^mfmmtu  imt^mdmmcms  wmn  mimnrtd  ^  emtadmud  ctpmtamiy /or  tmeh  dipmie  (two 
tkmntJmr^mcA/hfmm^hmiO  Omtmithm  k food mgfmmmm  htwmm  the  imcmnrtei aarf cj/c»jai»rf wttia, 
tmdmehmu/ordm  H7 metm mm^mdtmctc.wmk hrmcf  mtnmmmorrfdmlem^m^mKmeyhmmdthmikihtfhhQmd 

lalsWaciiM 


ta|NB  a^ateae  MflrcnM  of  1 1 /30  «*•  taoM  yteMd  may  «e  rnywaa  wi*  cetcaktuiia  aaiai  ibe  NumericaJ 

.  . . .  TIh  NEC  aoKpw  on**  m  .'«■  oa  SUN  SPARCmmmo  10.  DEC  AJpba.  nd  otter 

atteHBpia*B*epiairoteneof*afay  Aaitefar  U1.2>2aad7x7»iy  ip««aaeqairelait>cct  teowp. 
wa— aaifrppmfy  waii»«i SSMHi*p200 Mlte.te* tetay  yiirw|of4  fcgtbctwaaa ck— an.  eWicwif h  tte dau is 
plHteltf  l^*Dai faoaMeMS(l«i2J  I*iilffl'^b5to) tear** «naHHMadadai  a  1/20  size  acalc  model  FoUowmy 
*e  hyodateea.  Sacnoa  2  daker*ai  'tmt  S-pafriMn  md  maim  wapodmott  wire  cc— ptfd.  Sactioa  3  cowyartbe 
aacaraey  of  diffmat  NEC  aadali  fa  aaNl  aciajrs  Sactea  4  tea  oonpcru  *e  fal  7x7  array  neaaarefDCBts  with  NEC 
aaMaaaa  ifadMBribaa  oeitplay  aa  a  Ifaraiiai  cf  dteaaae  m  tfa  7x7  jmj  Soarcaa  of  NEC  Bportriiay  errors  are  dncuased 
«  Sactea  5.  loUe«>ad  by  <-9apteMaa  a  Saeboa  6 

F^ii  I  aBd2*aarfwoNEC  V  ate  of  ^ii*tea|alcMai*'  Those  NEC  tioatandels  were  used  with  various  iniaiben 
of  aapNoas  sad  nafars  of  aaaaats.  sad  caAeabad  cosr  m  aft  ear  pmma  plaae  Tte  ckaMat  wimim  of  two  aackad 


'Wsrfc  pafanaad  aadar  cuatraci  4  NOOO  I4-92'C<0210  wite  ite  OCoe  of  NsviJ  Reauate- 

**  Elaaaa  daipad  aader  ARCO  Poafw  Trirfanlnym  CldtD  *— paanf  appbcaiiaa  has  beea  filed. 

AdaowloyaBaa  Tte  aahwiwitetoateagwtadpeDi.Uoo  Swan  of  ARCO  Power  TechaolOfies.Di. 
WalM  Kite  ofAMtO  talc.  SansoteFUaad  Mr  Ed  KcBadyiKtd  Dr.  AdnaaEky  of  the  Naval  Rcaearcfa  Laboratory, 
WateafkB  DCfbribctf  sadfscaas,  aadMr  RoaBcUaad  1^.  Aafaociy  Madas  of  Ambodb  Products  Corp  Macral 
WeUs.  TX  fa  saaaiaaoe  aad  fatancaaca  of  the  aaeaM 


c  dttAirAyi^mscAiXAPc>Acts^ 


breiAiad  BijoBd  piddipota.  Tltt  lirscT,  apper  croued  frid  dqK>k  U  (tied  ovtr  the  tower  poniOQ  of  the  freqticdcy  btiid  (2.8 

to  7  MHz  in  ttw  pkta),  ^  tbe  siuil«r  croaed  grid  dip(4«  ii  (tied  for  the  hi$ber  frequeoeiet  (7  to  1 0  MHs  in  the  plots). 

2,  CooipuUdoa  of  S-Poran«icn  aad  Active  Impedances 

TheioetbodusodlocomfMiieS-psnoieien  ad  Active  irapediaensredevcnbedifi  this  MCtion.  S-psnmeten  were  measured 
at  the  dipole  leed  points  by  calibrating  out  the  baluas  and  feed  lines.  NEC  however  does  not  compute  S^parametas  directly, 
but  the  S-pometers  for  th^  array  can  be  denved  from  the  NEC  Oitfpui  cunenu  and  the  loads  and  voltages  placed  in  the  NEC 
mpul  iilc  aa  dracribed  bdow*.  Meeaned  ar  ealeutaied  r>.pfn»tiaT»  tn  thaa  tn  awiw 

2.1  Computation  of  S-Panmeten  from  NEC  Output  Currents 

5>Piraiatan  «e  widdy  asaduRFdae  to  the  earn  and  aeeurasy  with  whkhth^  can  be  measured  To  eakulaie  them  from 
NEC  reaata.4ieNEC  mold  was  run  with  ooedqwtc  in  the  mray  eidted  oaaig  a  voltage  souroe  V,.  The  other  dipolea  ire  not 
e»cifod,bal<>ey  wciarBiaBmidaaienewafiBpadMoeaaawnfc»tdwdipoleR,{SOohpttwaiused)  Figure  3b  and  3b  show 
the  NEC  model  foaddreoia.  Vtlhtfaedrtueodipotedragniiaiioaagtheauhaer^  l.ndibeotherdipoiesbysubsBnptD,the 
voltages  direetly  across  the  dipoles  ira; 

V,  -  V,  .  I.R. 

V,  •  -I.R,  n  •  1 

Theetmua  I,  ea  te  ta^tvea  dipekt  are  grwnteri  by  eaupUng  tram  dipole  S I  (the  voluge  aaoss  the  excited  dipole)  is 
aoi  equal  to  foe  NEC  oiciHOaavoltafBV^dae  to  the  volufe  drop  arroasR^  All  voltages  Bid  curieaisiiiehida^  for  dipole#  I 
sre  ihea  Domaliasd  onag  tht  aqiMre  root  of  R,: 

V.  -  V.  /  ^ 

I.'  -  I.  l/«X 

The  forwsrd  sod  reverse  aaeclag  waves  are  then  defined  as 

K  -  OV  +  o/:. 

b.  •  (v;  ■  u/i 

sodfoeS^PsTaneiescoupUiif  b^wanpartsaand  1  u: 

Sw  -  b./», 

2.2  Active  Input  Impedanoes 

The  Ion 'aedv^  napedane"  is  ttsod  throughout  to  rdkr  10  the  aetive  rcAee^aoo  oocfficietR  o;  aaaeana  load  impedaDoe  if  all  the 
(Npafoswaaiaduai^  The  active  rcOattiononrfBawaMaqBri  to  foe  naa  of  tbe  iadtvidoal  S^Pgameigs  with  each  S-pamneter 
VMffaHd  by  foe  m^tadeaadphaaeoffoe  forward  travel^  wave  V  Tbv  somoiatioo  was  done  asmg  the  S^pfarametm  from 
NEC  md  aaiDg  foe  ntetsufod  S-ptmoecers  to  yield  foe  NEC  ad  neaiured  active  myrrimm  retpectiveiy.  AU  *measm«d' 
active  itnpnrtwim  daowa  ia  this  paper  are  focrefoce  acaulljr  obtaned  by  the  iadiviilBally  sjcasared  S'parameten 

This  prxefotft  is  UgUy  socuraie  wad  widely  used  in  anaaas  tueasurciaeuB  for  obtaining  setivr  array  inapedaoccs* 

The  a»  (ocmplex  forward  voltage  amplitudes  aod  phases)  tre  selected  to  provide  the  desired  illuminatioa  fonction,  polarizaiioo 
andacanm^.  Tbs  vbveingiedBDoeaiU  active  reflection  coeffeientwe  therefore  sosiewMtdifrereBi  for  different  tapers,  scan 
mgfos  and  polarizatiOBa.  AU  the  plots  dsown  are  for  uniform  amplitude  illumination  nod  either  Left  or  Right  Hand  Circular 
Polarsatioe  (LHCP  or  RHCP).  Tapered  illummaboo  fimcticas  would  produce  lightly  dJfi^Tertt  active  urpedanccs  than  the 
umform  cates  iCiowtl  Lisesr  poUertzatxiee  also  differ  ■  bole  but  not  much  from  foe  ciKalarly  polarized  impedasces  foown 
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FardMa,  lobedtiinniwd^thepciiiiivei^fanDMdineQfliiiortbcdtpokatettttioiuimuAbekawwa.  la  NEC  tbew  are  the 
poaithtwfataoediwcooDiiragT«BtaonibcapBrccaegDaaca.i»tecfaarBdeiataiaedbyiheNECttpmfilcaodahowniatbc 
NEC  output  In  the  Bieasisemeots  it  may  be  takeau  die  dipole  half  which  is  eoBMcted  to  the  cater  pia  of  tbe  feed  coax  on 
the  feed  side  of  the  baha  (die  other  half  dipole  is  conpecicd  to  the  coax  ovier  oondiictor}. 

3.  CompftrisMidfNECScgiBCiiUtioii  Models 

Figures  1  and  2  showed  two  NEC  models  used  a&dFifwe  3  shows  a  eloseup  top  view  ofibe  feed  refioii  and  tower  of  Figure 
I.  The  fHdfafMBOasfeSBOdlbedwvcasatbeireomitpocibQSS  and  oeiahesappoftsinieiiire  in  the  vieiiuiy  of  the  dipole  feed 
poioL  These  NEC  ekmaumodda  wen  used  with  various  combeni  of  se^Dems  and  msnbery  of  ekmeMS.  and  nia  over  an 
iafioite  ground  plaoe.  ^■*r*i***»*  wen  mceaund  and  Pilmlaad  sapantciy  fer  each  dipofe  (two  per  element).  Unless 
otherwise  ppaaiAad  ta  the  fignreSt  marker  symbols  not  Inkad  by  a  carve  an  from  NEC»  nvhereu  all  continuous  curves  with  or 
widmtmsrisn  an  maamnd.  Ccr—’ and  cemwdjpotetmaha  an  iarhidart  The  aide  dipoles  anoot  plocted  liace  they  have 
iapadaacaa  thm  an  imemadiaae  bccwaao  the  oorair  md  cmav.  The  NEC  data  is  shorn  in  0.6  MHz  incroiienis  while  (he 
msMWidtkaikABwa  jp^MHziPQieMSBtt.  The  ■imiuriBiimi  were  eceaallytrioea  at  20  tines  the  frequency  plotted  and 

1x1  and  2x2  active  inpedancs  nsults  an  pnaantad  frsi  to  illuurate  the  effect  of  difTercnt  NEC  models  end  segmeaution. 
Fifund  shows  the  high  band  1x1  adfimpedaiKe.  The  model  with  towv  and  feed  detiils  (300  scgmeotsfelemaat)  is  seen  to 
rfT~fr f  Tirrh ^rr*rr tgr— rtr*  ***^  a*  1 30  segaoiti/eleinait  model 

which  has  no  tower  or  feed  details. 

FigBresdand  7  compwehigh  bend  2)t2  celmlarirms  fee  dtffrraat  NEC  models,  and  Figme  >  diowi  the  seme  impertincrs  in  a 

The  ssme  measured  dsu  it  sbowa  hi  ill  thfcc 
frgoei.  As  fer  aO  fee  active  iopedaikeet  in  this  paper,  the  Narth*Souih  dipole  whh  Right  Hand  Circular  Polaization(RHCf) 
has  fee  same  myedmea  ta  the^  on  broadside  as  fee  £ast<West  Oqmle  with  Left  Hand  Circular  PolarizaiioD  (LHCP).  so  the 
NEC  potats  apply  so  both,  and  the  two  awmared  carves  ««  aeirly  ktentical. 

AflfeeNECcamamFigwu6amdfeesniwsefn«a(mon&rtbendMamgpoftioatoftfaeeiement.theQnlydiffiatncctimihe 
tower  sad  feed  amdelt.  SosUrly.aUfeeHECceneainFifunTnBBdfeetnaiescmnenteiiaDfbrthenidia&ngiMrtiansofthc 
The  130 md  174 segBMDtfelemeoiinoddsdoaaclBehideaayiawer  or  feed regsoo  details,  whh  the  174  fegnicni  model 
bemg  more  finely  se^DCOied  fer  fee  ndiatBigpartiOBS  of  the  ekBMBL  Shmlariy.  the  300  and  and  342  segment  NEC  models 
uaid  idahcal  tower  and  feed  ngioDmodda.juii  the  snpnnitrtinn  oftheiwdiatiagpcrtioM  is  ddfaem.  A  second  342  tegmeni 
moAd  Uhfeid  "as  buiir  ueed  fee  mianiid  dneanoBs  of  fee  nk  owdel  cfenaeBt.  whereas  all  the  other  NEC  cases  ID  thu  paper 
Tftf  ir  ttigMy  "liffTTB*  **— The  254  aegmaat  modd  is  identical  to  fee  300  aegmeal  atodel  except  it 
has  no  tower,  but  il  does  inehida  fee  anm  feed  regiaa. 

tTiii  aatftsintl)  fef  71T  wgmiff  mndfli  dinr  twtrinigniirmTridi  mranrrnnrnTifrrTlir  higti  frequency  ekoeoi.  especially 
fee  342  *as  btab"  modd.  Tbe  254  aegment  model  compand  wife  fee  300  ae^em  model  feowt  fee  lomr  iacreascf  the 

ThgMy  ft  ^  hrg**  A  COIDpmseil  ^  feC 

130  and  254  logBMBi  models  shows  feat  fee  effea  of  fee  feed  rtgHD  it  also  to  mcrease  capacitioQe,  md  to  reduce  ispat 
reaistaaee  as  well.  boA  of  whkfaiaDproveeccuncy  fer  fee  high  band  ekCMBt  The  comparison  berwesp  fee  174  and  342 
sepnan  models  sagipom  fee  >bove  coorJufkins. 

FiguraPferoagh  12  show  eempnani  fer  the  low  head  Ixl  and  2x2.  The  tower  and  fead  region,  wlueh  improved  sscaracy 
when  iaehidedii  fee  la^  bind  NEC  ztiodeb,eemallyredBoe  accuracy  in  fee  low  bend  NEC  models  Aihou^  both  models  is 
Fi^9anqqileaoctme.ttw  1 14  segaoeot  model  which  has  no  tower  or  feed  regiOQ  is  more  aeevate  than  fee  300  sepnem 
model  wh^  has  lower  md  feed  deuU.  Sinilarty  tn  Figures  10  aadlKwhieh  show  difTeratpolanzations),  the  342  segment 
*M  buUt'inidd  is  amnaccuraw  that  fee  300  se^nent  model  at  nsooaaoe,  but  neuher  is  as  accurate  as  tbe  114  segment  model. 
This  difficult  wife  fee  low  bod  NEC  tower  and  feed  legioo  modd  has  not  been  expUined  u  yet 

However  for  orthofonal  dipoles  ihowiag  very  low  couplug,  fee  NEC  model  with  feed  details  is  more  sccunte  due  to  a 
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peoibinlyipibefDedTvpaa  TUtmuhiifbowiiiBFifm  12  wlbchttlbes«DeS„dattMmFifure9uiiBg  the  JOOaepDcnt 
NEC  mo^  but  plowed  mdBiiu^iitude  format,  ead  Figure  1 2  eleo  Aemt  the  Sn  coupluig  term  to  the  otihogooii  dipob.  It 
is  seeo  tiitt  ibe  S„  coupliof  betwees  tbe  ortbrgooal  eroeeed  dipoka  a  BoasurBd  md  uleuUied  by  the  SOO-ieipnent  model  to 

beebnB*40<lB.  Tbe|14MgmemiQoddcakvkled«bou(-l30dB(autafrMt*)r  to  the  model  mih  tower  end  Feed  wesmacb 
ckeermthisiDrjDoe  ThisH|h  >40  dBeoupboibeMoeAanhofoatldipotee  is  probably  doe  let  slight  esynBeoym  tbe  scale 
modd  ftwi  design  wtadiwathudduOymoorporued  into  dM  NEC  300  segnem  sad  other  foodeli  which  iaelude  tower  end  feed 
regnodetiih:  is  diown  in  Pigm  4  oKb  dipole  half  is  driven  ■g'umieeorwr  of  tbe  square  tower  nmeed  of  agetnst  the  middle 
oftbe  lower  face.  Tin  asyinmetry  result*  in  hi^iercotyfegbetereenfWPwiiallyorihogooal  dipoles.  This  feed  asymmetry  will 
oix  be  preteot  in  the  Adi  ekawnt  desigD. 

h  gcaenl  the  cQopvhon  b«wea  NEC  ad  meamd  OE^adMeas  is  quim  ctooe,  Ibe  cum  diaerepwiey  bang  that  the  flwttwed 
enra  tori  to  diow  4  higher  ruifttnoe.  For  my  residis  aLotti -40  dB  the  agreciMU  with  meannneats  is  not 

very  cloae  due  10  tbe  ratoir^  targe  effect  of  ooiM  ad  other  anaU  mort  ai  low  tipnl  leveli. 

For  the  NEC  rewlu  dwwn  « the  rest  of  this  peper,  imtass  stated  ocberwiae  the  smattar  arrays  (3x2  cr  smaller)  used  the  300 
MgaMBB  per  element  iDodd  with  tower  ad  fMregioiL  Tbe  7x7  used  6etnBpkriNEC  models  without  tower  or  feed  region 
which  are  dee  1M  eepnat  for  tbn  low  band  and  1 30  eegnat  for  the  high  bead.  This  compromia  in  the  larger  NEC  models 
were  done  due  to  the  Uvg  computer  nma  requifed  for  larger  arrays,  eepecialiy  a  odd  numba  of  any  rows  ad  columns  such 
a  a  7x7. 

4.  7x7  Amy  Results 

htaaaawIvsNECativeimpndafimadiBWialonqplmgajecoiBperodbelowfof  the7x7  wsy.  Thea  are  hgoificat  because 
tbe  active  intocdadoe  ia  tbe  ateema  load  impedaec  wha  the  any  is  tader  operatioe 

4.1  LowB«id7x7 

Figttree  13.  Mad  IS  dhow  aims  tow  hand  broedskfetmpedaiiees  far  the  foil ‘’x7  array.  Bochdipoleimtbesomerandomlcr 
dement  an  shown,  each  for  both  Left  aitolUght  Hind  CiiaitarPotarizatiiaifLHCP  and  RHC?)  broadside  illaminaoaoi.  The 
catar  ttpoie  active  tgipedactoe  shows  depemteuoe  a  potariuboo  but  the  center  does  not  a  broadside  due  to  caDcellahon  of 
diagonal  grtbogocuU  dipde  coofdisg 

Surprismgly,  tbe  ap^rtimcat  srith  NEC  does  not  seem  to  be  adrtraeiy  sgccied  for  the  corner  element  despite  tbe  nearby 
tnBUJ(MioddKp<oadsBraea.aDOsNECmoddedainfhiite^ptNmd.  S}inBie&7  was  used  lo  obtain  tbe  7x7  tow  bad  active 
impedaeet.  a  not  all  $-paraiaiers  sroe  measured  direeily.  aoae  weu  detasHsed  by  iafcrcnte  to  be  idaiucal  in  theory  to 
syunaicaUyplaoeddeBMUts  The  canw’ckneaieBtiainpedaBeBBludaoouababoBS  tram  tbe  whole  array,  but  the  comer 

T^rl  niMiftt  iaysAimitem  only  anwpiiwg  wp  fcn  S  —ay  MOfU  diSUB  flonettS  WBrC  De^OClCd 

farfoeoararekman.  FlgnreldconpuciimpadBMlaribeuTiyifitwaescaBiiigaGOaicalpaiifniataooQstatSOdefrees 
cffefsmMi(faiaadude)overafl3d0aziBBShagtoa.  TheayeepatwifofnciiinuuntiaieaiobeofabotgifaeHBicprociaicp 
aforbroadude. 

4.2  High  Band  7x7 

Ftij  the  hi^  bad  7x7  results,  whicb  be^  with  Figure  1 7,  symmetry  was  not  I'uquired  to  s^buin  all  tbe  S-parameters  for  the 
eunerdeniim  active  inpciacesaKc  all  S-pameicrs  were  meaaad.  but  symmity^  used  for  the  oornerctomcat.  Atao. 
a  for  the  tow  bad  7x7.  foe  cento  etoaat  active  npedaoce  indudes  ootfoibutiw  from  foe  whole  ony  but  tbe  comer 
meaavud  active  mgtoJnoe  only  toehidesoouidngtBfiDa  up  to  3  elemous  away.  Figure  21  compares  uspedancca  for  tbe  array 
if  it  woe  semmg  a  conical  paflem  at  a  coQSUDtfoets  off  of  scaith  (broadside)  over  all  360  azimufoasgtas.  with  foeu  equal 
30  degrees  at  7  MHz  and  to  deques  at  10  MHz.  Agreement  is  abotu  foe  aame  as  for  braedside. 

The  high  band  sgreement  for  foe  most  part  is  not  as  good  as  for  foe  low  bmd,  but  foe  saswtrsodinreevidcsi:  bener  agrecmait 
for  uttoM  grays  foaBhgfBranayt.betler8geemeiit  for  S,,  coupling  terms  tba  for  foe  Sti  sdfaipwtance  for  foe  inott  part,  and 
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better  ajreeacai  kf  S„  btweoi  dipoteft  in  the  lei&e  row  or  coUtotr  than  between  dipclee  on  the  diagociaL  very  poor  or  no 
afreenmi  for  oottpitts  Mow  about  -40  dB  due  lo  pom. 

4.3  Coupling  u  t  Function  of  Distance 

FtfUies  22  throuih  25  show  tbe  7x7  awnul  oouplms  (SI2)  tenn  fhxn  the  eoruer  dipoles  to  ether  dipoles  along  the  side  ind 
CB  the  dufaul  ibr  bod)  the  low  sod  high  bnds.  Tbe  reducuoo  in  cooping  with  distance  is  sulTicieni  to  ensure  the  convergence 
of  Ac  active  impndnwe  oiranatiiei  wiA  imeasiag  array  siae.  It  also  provides  the  jushTtesuon  for  not  including  elements  more 
than  3  raws  aw^  in  Ac  active  rm^nrlaiMe  sumimhoni  for  tbe  comer  dipoles  Tbe  cilculated  reaulu  in  these  four  figures  an 
eeoiaUy  froa  a  6x6  NEC  najrnodelwfaidiauroAnse  nail  aaouBt  of  error  wbcB  compered  to  the  7x7  measured  array.  Tbe 
bestapeenealiBriramNECaBdAcmMauraaMBttiaaemforthcdipoksilottgthciidc.  The  eoiqilittg  to  the  cioseirt  element 
onAediafoaaliialmaecunHlypnAeHl  Tba  two  eaaasplaoadfaideparalki  ad  diagooaloflbo|o:»a])  are  tbe  best  aod  west 
ctsea  ia  tersu  of  epoaat  betweea  NEC  and  naasumimaes.  Siatia  plota  for  tbe  colinoar  Apoles  along  Ae  side  and  thr. 
paaUel  dipoka  on  tbe  diej^onel  ace  tattnnediate  ua  jrKy. 

S.  DimssloaofMtMlcUAgEmii 

Emra  botweaa  Aa  locasvad  and  calculsied  tesulA  oc  feoenJly  amdl  considerint  Ar  number  and  coir^ilexify  of  elements. 
Tbe  worn  errare  typically  occur  for  Ae  aedve  inpedflNe  of  the  lurgest  airay  m  tbe  high  trequeno-  band  Possible  aources  of 
NEC  modeling  mon  «e  listed  bekm  tad  diaruaed  m  more  detail  in  the  pvagraphs  that  follow  One  or  more  of  these  error 
aouroes  working  atBwlteaeoualy .  plus  neasoremBat  errors,  are  the  likely  cause  of  Ae  small  discrepancies  between  NEC  and 
AemejMwneaa  WiA  several  cnursourcaaoocuragsiauilUBeousiyh  becomes  more  difficulr  to  pinpoint  Ae  effect  of  each 
oas  aad  impmwe  Ae  NEC  model 


NEC  bfadel  Sourcu  of  Error 


Linetatioos  of  NEC  elporitfasQ:  aegmematiOQ  etc 


Asteana  feed  regioii  tnodel 


Oround  acracn  aacA  aad  iruncatiao 


Macbmical  urienmaes  end  aligBmma 


Uae  ofdymmcwy  for  Active  lm;iw1auu,  Sam 


TrtacAioccfSu— larinntyTx?  Activtimpadiooes 


Tbefrunat  liaitKiaQofAeNECoaAdAatAsammBa  gt  be  aegamedBao  a  fiaite  number  of  match  potPA  Tbo  match 
ponrta  are  locaiadiiAe  cemcr  of  cadi  wire  atfmuii  Cuncots  on  Ae  smieaw  arc  solved  only  at  tbe  maicb  poinu  This 
AscretaaboB  of  Ac  corrams  on  Ae  souecore  rcaubs  «  aonie  aacrifioe  of  Mcvney.  wiA  greater  accurtcy  when  uatug  more 
aegmesu.  TbemialBamberofaafBieBtaislimiiedbyAecoopaierreiouroesav«iieb)e(RAM.  Askaze.aiidCPUsneed) 
AaoAcrlimiAtioaQfNEC  is  Am  OB]yiBdale«Teals«ccaB0ctedoD  each  wire:  circuiitfereatialcurrroa  are  neglected.  For 

i  falkr  rtiaruasifwi  Ac  NEC  algwiAm  Ac  reader  mrefcrrad  m  the  NEC  aacual'. 

TbeaaodeliD|ofAeAedra|iaBof  AcaateaBaiaendealAraevcrdraasaes:  Tbe  apot  nnpedaacc  Mid  mutual  couplmg  terms 
■ecoQpuAd  from  Ae  NEC  oMpMoufitaMflewAf  OB  Ae  feed  point  wae  segawau.  so  any  esrors  there  result  directly  in  cnors 

ii  Ae  ffii|wkwnr*  ind  $>pameters.  Tbe  currwts  are  tlio  larfcsi  oom  Ac  feed  regicu  so  H  is  critical  Uiat  these  be  accurately 
uadeled.  Unfbrmnately.  Ae  straecorc  u  Ae  tised  regmt  ia  also  Ae  noM  ianBaie  lod  dzfficuh  A  reproduce  m  NEC  due  A  tbe 
lifgeauiiAgof«Ball.tfTegularlyd>apcid,vgry  Amof  very  widecowdutfcfs.  such  is  printed  circui:  metalictation  for  the  scale 
model  Tbs  feed  regioo  of  Ae  scale  model  feed  inchides  e  flbergUu  prated  cveuit  beard  which  cannot  be  included  in  NEC 
Tbe  exact  teimmateig  aupedaBce  of  Ac  feed  (loddag  tack  from  Ac  dtpok  feed  points  Arougfa  ibe  biJia)  is  assumed  A  be 
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eucd^’iO  ohffli  for  the  NEC  ooinpttuuos.  but  thu  is  only  apprexiinsted  in  the  icnui  icjie  model  by  U»s  coex  feed  and  betim 
■d  by  PT  nm  with  loteraiices  m^uag  •  frictic«  fit  into  a  pUied  ihrou^  bote  is  the  pc  bonid  The  tower  is  diffteult  to  mode) 
•ocwitely  n  NEC  becatoe  it  it  much  wider  than  the  cooducton  eor>wx:ted  to  it,  bu  ib«  rssuldng  epprooumsuons  in  the  tower 
model  also  aflect  the  plseemeai  of  other  NEC  oooductors  in  the  vieiiuQ'  i^ibe  feed 

TLeiafinite,  pcriecdyocndueong  gnnBd  aereenuaed  in  the  NEC  model  is  tn  approximation  neccsstay  hscause  of  the  excessive 
number  of  wire  segreeats  that  wouki  be  required  tu  model  the  actiul  mesh  uaed  fhe  icale  model  ground  screen  was  not 
oaoq>teuify  pteaar  sinoe  it  sagged  m  pUees  tad  also  had  slightly  etevr^  plsi^orms  at  the  base  of  each  tower,  which  may  have 
contributed  fc  m^what  to  aron  to  the  coinpansoo  to  NEC.  The  condu^vity  of  the  senen  does  not  appem  to  have  been  a 
ngnifiraBraoaceofemrnncedtmigBigtheconAicavityflfthe  grotad  plane  in  NEC  did  not  make  aucb  ^amee  m  the  mput 
imped  anoea.  The  7x7  is  the  only  array  aae  that  approached  the  trrmrarnd  edge  of  the  acrean.  MoatoftheevideKc  indacaim 
that  the  iafiaite  aeraea  naed  m  I^C  was  not  a  apdficaBt  aouice  of  CRor  when  compared  to  the  raaeaund  resulu  which  used 
a  imeciied  acrean.  For  the  low  band  7x7  (Li  oomer  ekaentt  srfaich  are  eteaea  to  the  mncaaeri  edge  actually  Aowed  better 
jpaantiderilh  NEC  active  impedaaflci  than  the  canaerrkmmrs.  altfaoQfb  this  wsa  not  the  caaefot  ite  high  band.  However, 
tbs  itlf  sopodaDOB  ad  active  rmperi snort  did  show  increasirg  errors  with  the  nwaber  of  etemenu.  which  may  havr  been  due 
to  te  edge  nuaeatiansut/e  a  larger  wray  would  provide  a  oonplmg  path  for  energy  lo  reach  the  edge  efthe  screen,  whereas 
a  smaller  anay  e»  the  cesser  c(  the  aeneo  might  le  leaa  affected  by  the  edge. 

TbeeaHbniifloofthaisetworfcaaalyzernniovestbeeffeaoftfaebahmandfeedupiotbefcedpointoftbedipotes.  However 
the  meafuremem  system  is  not  cosmletely  erroT'free.  Typical  oeasureaest  tmcenaimies  ranged  from  frD.'ii  I  dB  and  4 
d^roespheaefbrdMkiwbmd  S.,.  to -N*  .33  dB  and  2.5  degrees  phaae  for  the  high  band  S,,.  Much  ofthis  is  due  to  mechanical 
tokraooea  ad  alignment  of  the  dipoles:  for  exaq>le  the  dipole  ti(M  were  often  about  2  mcfaei  off  from  their  desired  positioo 
doe 't' fotetidD  oflhe  d^ote  am. 

The  active  inpedanees  are  obuiBad  by  sttaning  the  S-peramemrs  as  explained  earlier.  Symmeoy  in  the  array  geometry 
petniBBdanbatntxkiQ  of  S^imeaers  ft  ri^stanaUQ,  greatly  redueittg  the  number  of  measuremenurequved  Howevcrthis 
may  have  mtroduoed  sooie  eirots  imo  the  metiured  active  mpertances  since  an  error  m  one  measured  S-paraaetcr  would  be 
repeatedly  included  to  the  sumnutiao  instead  of  being  averaged  out  by  different  arors  in  other  S-pannwteni.  Tbe  uar;  of 
symmetry  u  a  source  of  error  is  supported  by  tbe  7x7  date  shown,  since  tbe  tew  band  comer  active  impedance  wu  more 
eccuriae  Iheo  the  tew  oona- (whidi  mede  men  ine  of  symmetry),  and  the  high  band  ooroer  was  less  eeemte  then  the  high 

bid  oeear  (vAtyh  made  tea  urn  lynnuetiy).  The  trancatkai  efthe  acnwrinvedenoerumnietioc  beyond  3  elanenu  may  have 
alaooanribaiedlothccrronfnrtbe7x7  vray. 

6.  CoBf^ittiiGiis 

Overall  there  is  food  agreement  between  tbe  measured  and  cateulsted  results,  ioeluding  for  the  7x7  active  impednoes  The 
agreemnt  is  better  c/er  tbe  low  band  than  the  high  band  Mwanrrsirnt  nd  merJimrical  ite«ioes  limii  the  measinment 
■ccwyaD>bcxii»*JdB.MnBBaicougdiBgiiuiu^moreaQrirterlypmdictBdby  NECUmb  tfaeS,i  self  impedance  or  the  active 
uiqwdinM  SmaPgyys  also  dnwr  better  apnementditeifemTeys  even  when  differesces  in  NEC  tegmeatahen  is  accomaed 
tar.  For  die  tergast  arrays  die  NEC  dement  model  was  sttiiplified,  which  resohed  in  acme  addibonal  caUailamd  errors  for  tbe 
high  band  7x7.  Tbs  iirw  e>.x)r  for  all  tbe  NEC  scate  model  vs  messureaems  appears  u>  be  in  tbe  vicimty  of  15%. 

7.  Refcreaccs 

I .  'Nuottrical  EleetKiDsgadie  Code  •>  NEC>4  Method  of  Mcnents*.  Oerald  3ari»,  /^wrence  Livenoore  Nstkaasl 

Liboratoty  Repert  fUCRl.«MA»l  09338,  Jen—y  1992.  Refw  requests  to  Cenmander.  US  Axmy  InformatiOD  Systems 

Engmeering  Command,  Attn:  ASQB-OSEoTP,  Fort  Huadiuca.  AZ  8S6n'53[)0. 

2  Collm.R  E.,  Totmditions  for  Microwave  Engmcering*.  McGraw-Hill.  New  York.  1966.  p  171 

3  Hanso. R.C.,  “Miaowave Scanmng  Aptenus’.  vol.  II.  Peamsula  Pubiidiing.  Loe  Altos, CA.  1985.  p.2I3. 
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Fi»,  I.  NEC  of  One  EImbK 

wMi  Towtr  nd  FokI  Eiiion. 


The  Effects  of  Exceeding  Mechanical  Design  Coastralatt  on  the 
Pcrfbnnanee  of  HF  Lof>Periodic  Dipole  Anays. 


Dniicaa  C  8«ker',  J.  Tobies  it  B<er‘  tod  Nidcn  Suadet^ 


‘Deptitaeat  of  Elacnicel  tad  ElectfODk  E^aeeriaf, 
^Depenmasl  of  Moeheakal  Fngjoforim, 
llahMnitjr  of  Pielorie,  0002  Fratoria,  Sootb  Alnca. 
c-maiL-  diBcaabaker(gce.iip4KJa 


ABSIKACfi  CaunHiioiitl  pnakt  ttiuint  d»M  fMy  leutint  mtehmiietl  ultimett  bt  tAmd  IQ  in  du  detjpi  and 
winfiaenw  ^  HF  htptnodk  dipok  mty  (LfDAj  aadiwat.  Th*  4*ea  of  ehwtgB  in  timmi  Imgh  end 

tptdnt  tf  tkmtnts  tkmg  litt  /MdSiH  tn  tamined  for  iwo  HF  LFIXA't  itphtfoi  in  domnin/  mtd  slopinf  plants. 
htBaUnmy  rauds  indiealt  that  bi  prmdkt  At  mtchanktl  dtsift  tcUmtts  tan  bt  itiml  eansiiirably.  ttitlunu 
sifi^letnlfy  tffictintllu  chmatrisics  of  Ou  LPDA's.  WhUtfiathtrsatdfis  nquind  ir  Mould  appear  that  At  loltrancis 
cauU  bt  rttoxti  bf  t  faOor  efat  Utst  S,  at  tttn  matt,  wiibeui  aetttfvtfy  dtfodint  tnunna  p^otmantt  in  ptaedet. 

1  imiioDuanoN 

Tluabriefinidy  of  the  effeotiofeaoeKfinttba  design  ooasraiaufacomnesded  by  Smith  |I|  for  HF  log-penodic  dipole 
amya  (LPDA’t),  ms  praapted  by  problems  otased  by  «indHadiieed  vibniioat  m  LPDA's  detifned  and  iasuUed  to 
eoaCocm  to  these  raooameedaiiaBS  [2|.  When  tofeoiaes  for  the  ptebleas  of  emmae  vibraiioe  sere  sought,  it  was  by 
ao  means  certain  what  the  effect  of  lelaxiaf  the  reenninteadwi  tolerances  for  element  length,  beigbt  above  ground 
(tag)  or  pacing  aloagl  the  feedfine  would  be  oa  gaia,  uke-off  angles  or  inpul  npedanoes  of  the  LPDA’s.  Simple 
nMvK.n;r»i  sibralioo  dampers  were  found  to  be  an  effective  interim  sohitioe  to  the  probism  [2). 

Is  order  to  praride  goidelinet  for  future  mechanical  rtnsignt  of  LPDA’s,  the  effects  of  eateediiig  the  reoommeaded 
tolerancet  of  12J%  of  cleeteal  KJfUiyii  for  height  above  ground  (sa^,  e(L5%  for  the  elemem  length  itself  and 
eai%  for  the  apadag  between  dements,  mere  mveat^stedusiagNECSIS].  This  enercise  also  offered  an  opportuniiy 
for  hmher  eompattson  of  gain  ptedktiona  obtained  usiag  the  anteima  dedp  roatiacs  from  KFMUPESd  [4)  with  those 
from  NEC2.  The  sebeoutmes  from  HFMUFESd  haw  Ae  advaaaage  of  beiag  easy  to  unplemeat  on  a  personal 
computer,  and  aevetai  orders  of  augakodc  (aster  to  run  than  NEC2.  The  basic  desiga  of  the  antenna  is  the  tame  ns 
that  used  in  [S],  The  design  paramateis  of  the  4-30  MHz  LPDA  are:-  (a)  rear  dement  told  length  •  42J3m,  (b) 
demeal  length  redoodon  factor  •  OST,  (c)  angle  btcniwa  dement  lips  and  feedliae  •  IS  dcfrees,  and  (d)  number 
ufelemeuis  ••  20,  Uideu  tnbetwiae  mated  dl  eemputitiem  were  made  at  IMHz  toaemeutt  in  the  HF  baed. 

In  order  to  iewatigate  the  efleett  of  lag  of  the  LPDA  iiniGnircs,  me  wia  made  of  the  ptoFam  TOWEROFT 
dewlopcd  by  one  of  the  ambort  (NS)  for  the  dsaiga  of  mrehaniral  muesures.  The  program  uses  Guile  dement 
.1  fn,  mlpi.  nf  i  «vaiirr.rily  ihumd  gviyed  mm  or  ghle  ill  aaum  AJIewUCt  it  made 

in  the  prepum  for  aihttraiygraapingef  ancRue  membcrtmdeai^  poops.  Aaaamad  maiaea  per  metre  were  117 
found  27S  pi  for  the  ecmductan  and  cateeaqr/itayudicaretpeedvdy.  Appropriate  loading  aliowince  for  oacebaaied 
ivw-vwimi  oompeneutt  wai  made.  The  mazimom  breaking  Rrain  of  the  catenaries  sad  staywhes  was  aboot  20 
KHoNewioo. 

Two  wme  selected  for  this  study.  The  Gist  case  is  for  so  LPDA  intended  for  use  over  i  long  distaoces,  sod  the 
sccood  for  shorter  disunces  of  about  1200tan. 
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Z  UnCTS  OF  SAGGING  OK  TmniirOIIMANCE  OF  TWO  DimiENIlY  DEPLOYED  LTDA'S 
ZJ  CASE  1  •  LONG  RANGE  LPDA  IN  A  HORIZONTAL  PLANE 


Figure  1  iUoittute)  the  ttUatUcul  dnliibuiiou  ol  errinl 
aagke  ol  HF  dpelt  aied  in  kiaoi|iberic  coeumuieetiaai 
cw  (mo  Mvenl  hiiadrHt  of  km  to  4000  km 

Figurei  Ze  ead  Zb  ihow  the  glia  ooMOUft,  io  dBt, 
pndlaed  ueiog  NEC2  aad  HFMUFES4  reigeahely,  ai  a 
teokia  of  uia^ff  aagla  aad  haquaacy  (or  aa  LPDA 
«Ueb  baa  tha  taaw  baak  4aaip  aa  that  uaad  ia  [S|.  The 
pradktkiM  are  far  a  LPDA  deployed  la  a  horiaaatal  plaae 
20  manea  ahowa  ameotb  laval  gteaad  edth  eoadagtiitey  of 
OjOOS  Siemeea  aad  raiaOua  dMectrk  ooaanal  of  13. 
iteitupnadiag  to  araraga  pouad.  aad  edth  aD  alaaaai 
lylag  la  the  horiaoaaal  plaaa.  Tha  pradloBad  coaioat 
panerai  far  the  ne>  malhodi  are  ia  mrelaat  agreaaaat 
aad  are  ilao  «all-aialcbad  to  the  requited  take-off  aaglai 


ffgum  M.  (Wn  eoMButa  praeOcaaff  la/ng  fq|  NEC2, 
Ml  (b>l  HFUUFSS4  kr  homartily  aopKimf  LPM 
20mMMtmgnund. 


Flgetea  3(a),  (b)  aad  (c)  Bhatralc  the  effea  of  raing  aad  kaeetfag  the  piaae  of  the  LPDA  by  2a^  or  10%  of  height, 
oa  the  aiaitenm  gam,  the  take-off  eagle  far  manmuau  gain  aad  the  iapai  impadaaea  raapectnely-  The  iado^ 
<4—<g»«  ia  aateeaa  petfonaeace  ate  aot  mqieaed  to  be  i^aiTicaal  ia  practice. 


A  reel  itniciarc  wO  of  eoacae  lag  uader  ka  oam  enght,  ai  iHuatrated  ia  Figure  A  The  prelum  TOWEROPT  war 
ued  to  analyae  the  effeeb  of  thm  caret  of  itreenaal  tag  oa  the  aateaaa  charaaettuica.  Thete  caret  are;-  (a)  aa 
ertreme  care  of  atanmum  rag  where  the  LPDA  it  eoatidered  to  hare  beea  depioytd  oa  the  ipound  with  ao  prertreia 
in  any  of  the  rupport  wirea  or  cateaariea  aad  taited  iato  Che  deaiga  poadioa  ZOai  abowe  the  gtouad,  (b)  aiodertic 
premetting  nich  at  could  readily  be  achieved  in  practice,  aad  (c)  1^  preatreiaing  with  the  catenarier  ptettrerted  to 
to  a  ooodiiioa  ia  which  the  nraia  ia  the  final  pockion  war  about  79%  of  the  breaking  ttrsin  of  the  catenary  Btalerial 


SIT 


!%■«•  Xa),  <k)  ai  <c)  itaraic  ib>  afliat  of  MMiai  M 
•a  MHan  pnrfi—anw  pwtnBi  mimi  ttBClL  TSe 
wa^iM  »a>  la  fcal^  ^  ap  ywraw^  wa»  faaai  lo 
kK  4J0« ai  *a aktaaatt abMal,  vUilKa  bs alawai 
baial  Ika  ibonH.  Tta  laafA  af  Ikt  iiataaik  a’eaaM  > 


flipiM  JL  esfttm  of  ctmngfng  itm  laight  of 
hortn  ntaay  <M|ptc)«/  LfOA  */•  2m  on  (») 
irtidnum  g*ir;.  (b;  tato-dff  an0*e  ar  timfmum  gain, 
tra  (t)  A^anpadanca. 


-  20m  a'xwa  ground  (ralaranca  nught) 

-  •  -  •  fflm  a6o**t  ground 
•  >  •  •  22a  aOaua  ground 


figuo  4.  Schamatfc  Wumting  tap  tor  hoiizonuJIy 
dagkffod  LKA.  AM  aftai,  camnanas  and  staywirms 
araahotm. 


Rgam  1  PndkM  anMnn*  putornmnct  tor 
hortiermltf  dopta/wd  LPDA  ter  variout  eauditiofa  of 
stain  In  aupportna  catanatlas  and  stafmras. 

-  klaai  cats  no  sagging 

.  minml  tagging,  Hnal  ttrain  •  79% 

ol  bratking  strain 

-  •  -  •  modatata  stggi/trj,  tinal  strain  •  40% 
ol  btaaking  strain 

-  modrnum  sagging,  Aa/  adaln  •  8% 

al  braaking  strain 


24 J4ak  thn  tke  ag  ii  shots  18%  of  the  total  eleaeat  Ifagtb  la  lemi  of  perceatage  the  maatBoa  «(  stag  abou 
28%  of  the  total  >l»™n  teaglh  «  the  fourth  eleaeat.  F«  Uiu  itnctiire  a  deoeaie  of  08  dB  wai  pteihaed  in  the 
ataamoa  faia  at  10  MHz,  with  aa  aieiea:  deereae  of  eboa  08  dB  betientn  S  and  10  MHz.  The  peedicted  take-oS 
angle  at  tnazmitmi  gain  InCTcaied  by  a  atnimuB  value  of  aboot  6  degreet  at  about  S  to6  MHz.  No  vgoificaat  changes 
were  predicted  in  the  jatenoa  nupedanoe.  In  practice  it  b  expected  that  b  will  be  relatively  easy  to  reduce  the  sag  to 
the  order  of  l-2a  or  5-10%  of  height  in  thb  wkhoin  placiag  ecceieive  aechaaical  luaia  oa  the  catenaries 

and/or  stayMies. 

2J  CASE  2  •  SLOnNC  LFBA  FOB  USE  OVER  A  DISTANCE  OF  1200  KILOMETKES. 


Ftjnre  6  ebon  the  expected  range  of  take-off  anglet  (at 
Aatacn  of  400  to  4000  kn  tar  singie  bop  ionoiphetK 
propagatiaa  via  the  E-  sad  F-regiaas,  Cor  aU  heqaeaciet, 
tknes  of  day  and  seasons,  and  for  low  to  Ingh  solar  activity. 
The  ^ore  b  based  on  resnhs  fraa  HFMUFES4  Cw 
teaperale  Utitndes  At  1200  kis  the  takeoff  nngia  lie 
betaeea  aboa  18  aad  32  degrees,  aensared  troa  ibe 
hosipoa.  The  jugbest  probable  beqaeaey  ptedicad  orcr 
Ikb  dbtaace  osiag  HFMUFES4,  b  23  MHz.  Optbatta 
of  the  aeteaaa  take-off  aagla  to  the  reqaued 
aogla  for  ooaaniaieatioBS  b  eiqiertcd  srith  the  froot 
eleaent  a  a  heigbi  of  18b  aad  aa  army  slope  of  338 
deyees,  a  aeneored  boa  the  horizoolaL 

Figaa  7(a)  aad  (b)  shoa'  the  pea  cootoarv  ta  dBi,  a  a 
battsoo  of  caka-off  angle  aad  beqaeacy  a  obtaiaed  tisiag 
NEC2  sad  HFMUFES4  raspedi^.  The  resalu  are  in 
reasonable  ayeeaea  only  at  the  loss  beqoeacy  end  and  at 
loner  take-off  aagles.  The  predicted  gsia  eootoon  differ 
acreanagly  at  lake^  aagla  a  the  beqaeacy 
increases.  ThediflereacaaKbefievedtobedaetoikesiBi 


RguaS.  Composltt  ol tepactad  lakaalt tnfpas  lor 
singla  hop  ionoipharle  propagation  pradietad  using 
HFmifESt  -  all  fraciuancias,  dmas  of  day,  taasons 
and  aoiar  activity. 


used  in  HFMUFES4  to  estnaate  the  effect 


of  groiBd  rtOectiaa  on  antenna  which  are  yosmd  amyed.  The  vertical  radiatioo  patten  b  competed  by  sanimiag 
the  contribatioas  for  the  direct  and  gromid  teKccicd  rays  using  t'x  apptopriate  refleclioa  coefficieni  for  horizooi^ 
pnlsrimien  As  Car  a  Can  be  dctcrauncd  boss  [7],  whi^  predaia  a^  fiva  a  detailed  desciiptioo  of  the  approach 
used  hi  [4],  thb  method  does  not  appear  to  take  into  account  fully  the.  orientation  of  the  plane  of  the  LPDA  relative 
to  the  ground.  Thb  aspect  requires  funherhivettigatinB.  It  bfortuhioai  that  the  measured  results  end  those  predicted 
using  HFMUFES4  aad  NEC2  for  a  frequency  of  5.27  MHz  a  reported  in  [5]  were  in  rcdosiable  agreement  From 
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Bgun  7.  Gain  ooMoun  pndienol  uv  (■»)  NSCi, 
and  (b)HFMUfES4  tor  Hoping  LFDf  ' 


1 


a  pnctial  poaal  U  'new,  k  it  aho  (otntaale  ekat  (hoe  ii 
leatoaaMe  atteemedi  at  (he  lower  take-eff  aaglei  med  far 

Mg  —  "««g  MPn? 

aMiHFMUma. 

Figare  ES  Qhiitralet  tke  tkving  LPDA  coafitfatioa  wkk  a 
CTdkiaa  of  mere  ««g|it  All  anmina  elemeott, 
eateoarua,  aappoR  ama  aad  atayi  are  akotn.  Aa  wkk 
Cate  1  tke  aaUau  war  ombtad  ia  a  kornootal  piaae  m 
tk.  jpond  witk  aO  eieiMna,  eateaarki  aod  back  itayi  u 
a  eoadtiae  of  aero  orriirre  or  stren  mi  then  railed  into 
Ike  fioil  poekioo.  Fifuea  9(a),  (b)  mi  (c)  oeupare  ibe 
Chtmea  ia  tke  LPOA  ckaraiainitici  for  the  id^  care, 
■adaaa  itf  corretpotidiag  to  ao  prekretaaig  of  Ike 
ciieaariea  aad/or  aUys,  a  condiiina  of  aodereie 
premciiiag  nek  as  eoijd  be  easily  achieved  ia  praetioe, 
aad  carene  preatrcaaoK  neb  Uiat  Ike  fOrain  of  Ike 
caleaaiiet  in  the  lioal  potidaa  it  about  of  Ike  breaUat 

atiaiu  of  the  eaieaary  aou  euywtre  maleriai.  For  the  case 
of  egreaMit(ipn^  the  yeatett  effect  iigeoetallyabaerved 


daptoyoef  tFCM.  Af  Hwsa,  cttanadis  and  atayvrint 

araahoam.  I 

I 

_  i 


^gu>ft  Prtdla^tmnttptilomMKehyalcpIng 
LPDA  tor  variout  eondUom  d  anki  Hi  aupporHng 
ctttnttiai  »m  Pwiiutna. 

-  Um*  cat*  no  tagging 

•  •  •  «  mMmt/  tagging,  Hnal  min  -  88% 
ol  bnakHig  ttain 

-  •  -*  modatatt  tagging,  Snti  min  •  4S% 
at  braalung  min 

-  maxHmtn  tagging,  Bnal  min  •  8% 

al  braaking  mil 


*I  tue  Ufh  bcqntacy  end.  Pot  (he  cue  coetkleKd  thn  oceomd  u  (he  dud  flrmna  where  a  M(  of  33%  of  tcial 
ekwac  les|8h  i*  predicted.  Tbr  LPOA  pcrfonBaace  pcc^diaei  foe  moderate  prearettia^  mch  as  could  be  adiieved 
ie  pnetree,  ihow  very  lutlc  dilfereaee  compared  (o  (be  ideal  eatc. 

3  THE  CFreCTS  OF  CHANGING  CLEMENT  LENCni 

la  Older  to  aamiae  (be  efleela  of  cbaafcti  in  ekmem  lea^  (be  iaiftb  of  (be  thotceotb  ektaen,  with  lea^  U394m, 
wii  cbaaiged  by  pluc  ead  miaai  6S%,  at  half  of  (be  13%  by  which  auoeeadve  elemcati  ate  prapeativrly  tborteaed. 
Elenaat  imnber  oue  io  (be  ihoitcac  ekmeac  at  a  letifth  of  ISUa.  The  reaaoa  fat  this  soorewhat  drastic  cbaa|c  n 
dcasit  leogth  is  becaose  little  sigeificani  rhamp'i  were  predicted  for  iee^tb  cbaBics  of  the  order  of  ZS%,  or  about 
6ve  (iaaea  the  reotnuaeaded  tdennee  of  05%.  Si^ftrjni  tiCcot  were  Doled  for  the  larger  leagtb  variatioBi  tor  the 


ptediixed  iopal  impedaBce,  but  aot  (be  gam  perforataaet, 
between  S  aad  10  MHz  lor  both  (be  rloprng  and  hotnoatally 
deployed  LPCA.  Tbete  resutts  are  shown  in  Piggres  10(a) 
and  (b)  respectively  for  the  slopiiig  LPDA  and  the  LFDA  bi 
the  boricoetal  pfaK.  BaLeam  a^  Nheng  |8]  have  sbuwe 
experimemally  that  asymatetricai  sharply  resoaaat  modes 
tan  oecar  doe  to  oemmrsiitai  line  raononoes.  la  crvler  to 
investigate  this  aspect,  (be  predict  ions  of  input  anpedaace 


fljgur*  ra  Compaiiton  of  pradicttd  input 

knpadancaa  tor  t/-  &s%  ctitngaa  in  langth  at 
alamanr  13,  (i)  doping  LFOt,  (b)  horixodanf 
daplayad  LPOA 

-  Idaal  cata 

—  •  —  •  +  6.5% 

. 6.5% 
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wn  npeasd  fordK  LPDA  dsployed  in  a  konzoouJ  plau 
20m  abcm  pcoad,  ia  (U  MHi  iacraneiitt  betweea  2  Bd 
12  MHz  0^,  for  as  bocaie  is  Icqitb  of  tbe  tkateeath 
flrsiCTt  cl  &S%.  Tbe  malu  are  ihowa  ia  Figiae  11  aud 
mgra  ikat  chia  pbaaomeasa  endd  occar  os  tbe  — «»— « 
ttTBCtUlg. 

4  THE  EFFEC.’S  OF  CHANGING  ELEMENT 
SPACING 

Tbe  las  atpect  iswestipiied  ia  Ifcii  abort  atady  ma  Ibe 
eflecl  cl  di^pladai  Ibe  IbMaealh  ataama  by  10%  of  Ibe 
deiig  ipaaaf  oriSSSai  bancea  it  aad  Ibe  seal  tbsiteal 
abmem  o< leagh  lLS2aai.  Tbe  (xnaned  lateraaoe  is  ihit 
caae  a  iiba  or  aibiaa  a]%.  Tbe  poabioai  ct  aD  olber 
ekaieale  acre  iefi  imehaafed.  Oace  apm  1^  mou 
iiCBi&aB4<bat«mprediaed(Toaa|aacikal(ioiaiorview  U.  Compariaon  ol  pnOicM  input 

aete  B  Ibe  mpulifflpedaaaeaol  Ibe  MO  aamaaoL  Byway /ytyrndaneaw  for  Maa/ caaa  and  e.5%  incfimse  in 
ori0varalianFigBfcal2(a}asd(b}tbawibepredicm-liqpai  Itngtholalmtml  13  tor  horizonltii^dtpkvaa  antenna 
impedaacea  for  Ibe  ilopm(  aad  horiiDataDy  deployed  at  0.2  AffC  mcntnenu. 

LPDA'e  No  attempt  wu  aude  to  eaedt  for  craiiuaiuiuii- 

Sae  resoaaaect  id  Ibe  type  deaeribed  ia  (8).  _  ayaa/  ratt 

•  •  •  •  +  0iS% 


5  DISCUSSION  AND  CONCLUSIONS 

Gaia  emloan  predated  aamf  NEC2  cad  HFhfLIFESA  were 
eompated  far  two  eaaea.  Tbe  firit  caae  b  a  bocizofftlly 
deployed  HF  LPDA  'Km  above  Ibe  tnwad,  each  at  could 


Ngww  12.  Pndlelad  Input  Impedancea  fa  */■  io% 
chmigtia  In  apeeing  batmen  eiemairia  n  and  13,  (a) 
alaping  ina,  (b)  honntraHy  oepkved  LPOA 

-  Maa/csbe 

-  •  -  .  +10% 


be  Biea  for  loot  iBNance  toaoipbene  nrnimumcaiaM.  Tbe 
•eoood  cate  waa  for  a  ifopiag  IPDA  limiiar  'n  ibai  whicb 
would  be  med  over  a  raape  of  about  1200  In',  "tere  Ibe 


•  10% 


vertical  radixioa  pabera  mutt  ttay  reaaonabiy  eosa.'ai  over  tbe  usable  HF  bead  ExccUeal  ^eemeat  a  acuievcd 
betwcea  tbe  Itv'  metboda  for  tbe  boricoatilly  depfoyru  tateasas.  For  tbe  ifoy^  LPDA  asrecmeal  at  Ibe  jigker 
freqaeoaet  and  ekvalioa  aatiet  b  poor.  Thb  b  probably  due  Co  tbe  laa  tbat  tbe  efiea  j(  Urn  sfope  b  not  properly 
accotiaed  for  ia  tbe  HFMUFES4  formnlaiioa  It  b  fortuiliout  tbat  tbe  gsaeamai  at  the  lower  beqoeatses  aad 
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ekfMMo  Uflei  becweea  NEC2  ad  HFMUFES4  pctdininm,  h  aeccpuUe  for  pnoial  HF  oosuaiuiicitioas 
ip^liciiiaa. 

Rendu  predioed  ining  NEC2  for  ouri  ia  «kkli  the  amQs  «re  alloaed  to  ug,  cr  Uie  clcmeai  kagiii  or  tpadogi  we 
llllT*T<t  (ff  •Tiy  h*  rin~*  '‘•r*  r***  ~*^~*'*~>*^‘*  mgrw  ihM  tlie«e  ti'lCTnme  ««ilj  he  rd«e>/l  «iihil«iiti.ny 

Uadi  fartber  lUidlei  we  nade  it  a  soggened  ibtt  a  fador  of  five  greeter  tfaa  the  valuee  givea  at  [1]  would  act  let^ 
to  eaceiiive  and  naaceeptable  degndetioo  of  emeana  performiace.  Fron  a  pracdol  poiat  of  view  it  ie  eaeler  to 
relatively  high  tolerauoee  ia  the  eaie  of  ekmeat  Iraph  and  rperiiig  la  the  eaie  of  eaggiag  of  the  antenna 
nnactaie,  a  eKoct  to  adhere  to  the  atiict  tpedficitioa  of  (1]  will  lead  to  high  itraaaea  ia  eateaaiiea  and  ataywirea  for 
HFaateiaaa.  Failure  could  reaeltfioBiaKtaHiligBe  induced  by  wind  dtiwamoriieiBmlttatiBaacet  on  the  rtmaure. 

Irii  inggrnriltliiailif  itrnng  miipHetlimiTifnlhr  ratiniit  rlrmiiiiti  erirnal  f-rrihr  ilmrrtfgniititininrrrfnnnaniT 
oftheanteanaa.  Honem,  the  poadbility  of  aaymeeltic  reacaeace  efiecu  of  the  type  deacribed  in  [8],  resuhiag  hen 
the  tela!.atitio  of  the  denp  toleraacet,  need  to  be  madgatnd  further. 
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Abttrtcc 

Experimental  data  and  modeling  results  from  the  Ohio  State  BSC^  (Basic 
Scatterl^  Code)  and  the  Ohio  State  ^P^  (Electromagnetic  Surface  Patch)  code 
were  compared  for  three  antennas;  a  cylindrioil  waveguide  slot  array,  a  loop- 
fed  cylindrical  slot  antenna,  and  an  annular  dot  antenna.  The  BSC  code  gave 
good  results  for  the  antennas  alone  on  a  small  ground  plane.  It  tended  to 
mispredict  by  a  few  dB  the  ripple  in  the  azimuth  pattern  caused  by  a  large 
scatterer  placed  a  few  wavelengths  away.  The  ESP  code  modeling  for  the  loop- 
fed  slot  antenna  gave  good  results  for  both  the  antenna  alone  and  in  the 
presence  of  a  large  scatterer. 

1.  Introduction 

The  cylindrical  waveguide  slot  array,  loop-fed  cylindrical  slot  antenna, 
and  annular  slot  antenna  are  ottml-directional  antennas  that  can  be  placed  on 
complex  platforms  where  considerable  effon  must  be  made  to  ensure  the 
surrounding  structures  do  not  urululy  affect  die  radiation  patterns.  Decisions 
regarding  antenna  placement  can  be  made  through  anechoic  chamber  studies 
or  computer  EM  (electromagnetic)  simuladons.  This  study  was  designed  to 
validate  the  use  of  the  BSC  and  ESP  codes  in  modeling  these  antennas  and  their 
surroundings.  The  BSC  code  is  based  on  the  Uniform  Geometrical  Theory  of 
Diffhicdon  (UTD)  and  is  a  HF  (high  frequency)  ray  tracing/diffraction  code. 
The  ESP  code  uses  the  method  of  moments.  In  general,  the  BSC  code  is  better 
suited  for  structures  many  wavelengths  in  dimension.  The  ESP  code  provides 
more  exact  modeling,  but  becomes  computationally  impractical  for  large 
structures. 
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2.  Cylindrical  Waveguide  Slot  Amy 

The  cylindrical  waveguide  sloe  amy  can  have  either  horizontal  or 
vertical  polarization  depending  on  the  slot  orientation.  Both  polarizations  were 
modeled.  This  antenna  was  only  modeled  with  the  BSC  code.  Modeling  with 
the  ESP  code  would  require  a  complex  mesh,  and  it  is  doubtful  whether  it 
would  model  the  internal  waveguide  cavity  sqjpropriately.  This  antenna  has  a 
relatively  high  frequency  compared  to  the  surrounding  structures,  so  the 
added  complexity  and  compuudonal  burden  of  using  the  ESP  code  was  not 
warranted. 

2.1  Horizontally  Polarized 
Cylindrical  Slot  Amy 

Fig.  1  shows  a  horizontally 
polarized  slot  amy.  The  amy  is 
fed  at  the  bottom  by  a  short  stub 
Inside  the  tube.  Machined  onto  the 
hollow  tuhe  are  8  coltunns  of  slots 
and  14  rows.  The  slots  are  tilted 
both  as  an  aid  in  pacldng  and  also  to 
control  the  amount  of  radiation  of 
each  slot.  The  amount  of  tilt 
Increases  verdcally  to  offset  the 
decreasing  EM  energy  in  the  tube. 

The  tilt  is  designed  so  that  the 
amplitude  out  of  the  column  of  slots 
follows  a  truncated  cosine 
distribution.  The  average  slot  tilt 
angle  is  12.8°,  so  some  cross 
polarlzatioo  does  exist. 

The  slot  length  is  1/2  and  the  distance  between  the  rows  is  0.S4  X.  The 
tube  outer  radius  is  0.52  X.  The  amy  is  reladvdy  grotmd  plane  independent 
because  little  of  the  radiation  pattern  intercepts  the  ground  plane.  The  phases 
in  the  individual  slots  for  the  amy  are  calculated  knowing  the  cutoff 
frequency  of  the  TMoi  mode  in  a  circular  waveguide.  These  values  and  the 
trtmeated  cosine  amplitude  distribution  are  then  used  as  input  data  for  the  BSC 
code. 


Fig.  1.  Horizontally  polarized 
cylindrical  slot  amy 
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As  Stated  in  the  BSC  code  manual,  one  limitation  of  the  code  is  that  it 
does  not  accurately  model  radiating  elements  mounted  on  curved  surfaces. 
However,  for  this  antenna,  reasonable  results  were  obtained  by  positioning  the 


radiating  elements  a  short  distance  away  from  the  curved  surface.  The  slots 
were  positioned  on  the  measured  outer  radius,  and  the  cylmder  radius  was 
adjusted  inward  5%  so  that  the  radiators  were  not  directly  on  the  surface  of 
the  Qrlinder.  Once  this  was  done,  good  matches  were  obtained  between  the 
experimental  and  modeling  data.  Figs.  2  and  3  show  the  azimuth  and 
elevation  patterns  using  this  method  versus  the  experimental  data  on  a  43  X. 
diameter  ground  plane.  These  runs  were  done  at  the  center  frequency,  fc,  of 
the  antenna.  The  azimuth  pattern  was  taken  60°  from  boresight.  As  can  be 
seen,  excellent  agreement  is  obtained  for  both  patterns.  The  BSC  code  only 
computes  relative  gain.  This  is  then  scaled  to  match  the  known  gain  of  the 
antenna. 


— Exp.  date 
- BSC  Code 


Rg.  2  Horizontally  polarized  Slot 
Array,  Azimuth  Pattern 


Exp.  data 
BSC  Code 


Fig.  Horizontally  polarized  Slot 
Array,  Hevation  Pattern 


Each  of  these  runs  took  20  minutes  on  a  486  PC  at  SO  MHz  or  2  hours  on 
a  Mac  nfx  computer.  The  results  of  me  BSC  code  also  compared  well  to  re.sults 
of  a  program  that  uses  a  harmonic  series  expansion  for  an  infinite  cylinder. 


This  anteona  was  also  modeled  as  an  eight-sided  cylinder,  with  the  slots 
mounted  directly  on  the  plates.  The  size  of  the  plates  was  first  adjusted  so 
that  the  perimeter  matched  the  circumference  of  the  actual  cylinder.  Slight 
variations  of  the  plate  sizes  were  then  made  to  better  match  the  experimental 
data.  For  modeling  on  a  43  X  diameter  ground  plane,  the  elevation  patterns 
matched  the  experimental  data  well.  The  computed  azimuth  pattern  at  60° 
horn  boredght  had  2  dB  of  ripple.  When  the  array  was  modeled  with  16  sides 
Instead  of  8,  the  ripple  in  the  azimuth  pattern  Increased.  This  increase  in  error 
Is  believed  to  be  due  to  the  edges  of  die  plates  being  too  near  to  the  center  of 
the  slots.  For  accurate  modeling,  plate  dimensions  in  the  BSC  code  should  be  no 
less  than  one  wavelength. 


2.2  Vertically  Polarized  Cylindrical 
Slot  Array 

The  vertically  polarized  slot  array  is 
similar  to  the  horizontally  polarized  slot 
array  except  that  Its  slots  are  oriented 
horizontally.  Fig.  4  shows  this  antenna. 
This  slot  array  has  6  columns  of  18  slots 
each.  The  dot  length  is  0.3SX  and  the 
spacing  between  the  rows  is  0.39X.  The 
tube  inside  and  outside  radii  are  0.418X 
and  0.462X  respectively. 


The  pluses  in  the  Individual  slots  for  the  array  are  calculated  knowing 
the  efiectlve  cutoff  frequency  of  the  TMoi  mode  in  a  circular  waveguide.  For 
this  antenna,  an  additional  phase  shift  is  introduced  by  the  slots,  effectively 
changing  the  cutoff  fi^uency  of  the  waveguide.  Once  this  effective  cutoff 
hequency  is  determined  empirically,  the  phases  are  then  calculated  and  used 
as  input  to  the  BSC  code.  The  amplitude  of  the  slots  along  the  axis  of  the  tube 
1$  known  to  follow  a  truncated  cosine  distribution. 

This  antenna  was  modeled  v.'ith  the  BSC  code  using  both  a  cylindrical 
center  and  flat  plates.  For  the  cylindrical  center  modeling,  good  results  were 
obtained  by  modeling  the  antenna  as  slots  placed  a  short  distance  from  a 


Fig.  4  Vertically 
polarized  cylindiic^  slot 
array 
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cylinder.  The  slots  were  posidoned  on  the  meesured  radius,  and  the  cylinder 
radius  was  adjusted  inward  2.S96  so  that  the  radiating  elements  were  not 
mounted  directly  on  the  cylinder  surface.  Once  this  was  done,  good  matches 
were  obtained  between  the  experimental  and  modeling  data.  Figs.  5  and  6 
show  the  elevadon  and  azimuth  patterns  compared  to  experimental  data.  The 
azimuth  pattern  was  taken  60°  ^m  boresight.  There  is  a  strong  central  lobe 
on  die  moling  data  not  seen  ejqierimentally.  The  actual  antenna  has  a  choke 
ring  on  top  of  it  to  suppress  radladon  along  the  tube.  In  the  modeUng,  a  small 
plate  on  top  of  the  antenna  was  used  to  mtxlel  the  choke,  but  this  did  not  have 
much  effect  in  suppressing  the  central  lobe.  With  vertical  polarlzadon,  the 
ground  plane  has  more  of  an  effect  on  the  far*fleld  pattern  than  for  horizontal 
polarlzadon. 


—Exp.  deta 
BS^od^ 

I-  5  Verdcally  polarized  Slot 
Array,  Azimuth  Pattern 


Fig.  6  Vertically  polarized  Slot 
Array,  Elevation  Pattern 


This  antenna  was  also  modeled  with  slots  mounted  on  six  flat  plates.  The 
computed  elevadon  patterns  for  the  verdcally  polarized  antenna  matched  the 
experimental  data  well.  For  the  azimuth  pattern  at  an  angle  of  60°  from 
boresight,  the  computed  ripple  was  2.S  dB  compared  ro  1.1  dB  determined 
experimentally.  This  error  Is  due  to  the  interaction  of  the  si'''  Uation  widi 
the  edges  of  the  plates.  With  vertical  polarization,  the  diffracuon  off  the  side 
plate  edges  is  much  more  pronounced  than  for  the  horizontal  polarization  case 
and  causes  a  poor  match  to  the  experimental  data.  The  antenna  was  also 
modeled  with  12  sides  instead  of  6.  This  did  not  change  the  results 
substantially. 
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3,  Dual-polarized  cylindrical 
slot  Antenna. 

The  loop-fed  cylindrical  sloe 
and  annular  slot  anteonas  form  a 
combination  structure  with  the 
annular  slot  antenna  placed  below 
the  loop-fed  slot.  Fig.  7  shows  this 
antenna.  The  loop-fed  slot  gives 
horizontal  polarization  and  the 
annular  slot  gives  vertical 
polarization.  The  loopfed  slot 
antenna  is  fed  by  four  wires  printed 
on  a  circuit  board  (only  two  loops 
are  seen  in  the  figure  because  the 
other  two  loops  are  on  the  other 
side  of  the  circuit  board).  The 
annular  slot  is  fed  by  a  small  stub 
undemeadi  the  main  cylinder. 


Figure  7.  Loop-fed  cylindrical 
slot/annular  slot  antenna 


3.1  Loop-fed  Slot  Antenna 

The  radius  of  the  cylinder  is  0.256  X.  The  loopfed  slot  antenna  was 
modeled  in  the  BSC  code  as  an  S-plate  approximation  to  a  cylinder  (8-sided 
cylinder).  The  slots  were  placed  directly  on  the  plates.  When  modeled  as  a 
four-sided  cylinder,  the  peaks  in  the  omni  pattern  occurred  between  the  slots 
instead  of  directly  out  from  the  slots  as  seen  in  the  experimental  data.  The 
8-sided  cylinder  modeling  compared  to  experimental  data  is  shown  in  figs.  8 
and  9  for  the  elevation  panem  and  azimuth  pattern  60*^  from  boresight.  The 
peaks  in  the  azimuth  pattern  occur  dlrecdy  out  from  the  slot  positions.  The 
antenna  was  mounted  on  a  9  X  diameter  grotmd  plane.  Good  agreement  was 
obtained. 
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Fig.  8  Horizontally  polarized 
Loop-fed  Slot,  Azimuth  Pattern 


Fig.  9  Horizontally  polarized 
Loop-fed  Slot,  Elevation  Pattern 


Modeling  this  antenna  with  a  cylindrical  center  was  also  tried.  This 
method  did  not  work  well  for  this  antenna.  Large  notches  occurred  in  the 
azimuth  pattern. 


Results  were  also  obtained  with  a  large  scatterer  on  the  ground  plane. 

As  shown  in  Fig.  10,  a  large  2.3  1.x  1.9  X  width  plate  was  placed  near  the  edge 
of  the  ground  plane,  directly  out  hrom  a  slot. 


Fig.  10  Loop-fed.'' Annular  Slot  Antenna  on  9  wavelength  diameter  ground 
with  large  plate  scatterer 

Figs.  11  and  12  shows  comparisons  of  experimental  and  modeling  data 
for  2  frequencies  for  the  azimuth  panem  at  60°  from  boresite.  The  BSC  code 
in  general  predicts  less  ripple  than  the  experimental  data. 
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Fig.  11  Horizontally  polarized 
Loop-led  Slot,  at  fc 
with  laige  plate  scatterer 


Hr-  12  Horizontally  polarized 
Looi>-fed  Slot,  at  0.9  fc 
with  large  plate  scatterer 


A  smaller  1.16  X  by  0.93  1  plate  was  also  used  In  place  of  the  larger 
2.3  X  X  1.9  X  plate.  For  this  case,  the  BSC  code  matched  the  data  better,  with  a 
maximum  error  In  the  azimuth  patterns  of  1  dB. 


The  loopfed  slot  autenna  was 
also  modeled  with  the  ESP  MOM 
code.  Fig.  13  shows  the  antenna  as 
it  was  modeled  with  flat  plates  and 
wires. 

The  ESP  code  has  a  built-in 
mesh  generator.  For  the  mesh 
generator  to  work  efficiently,  it  is 
necessary  to  break  up  the  structure 
into  plates  that  are  close  to 
rectangular.  Otherwise,  too  many 
modes  are  used  to  mesh  the  surface. 
Wedge-shaped  plates  are 
particularly  bad.  A  maximum  of 
6800  modes  could  be  modeled  on 
the  a  GRAY  YMP  with  0.5  GBytes  of 
RAM, 
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Fig.  13  ESP  Code  Plate  and  Wire 
Model  of  Loop-Fed/ Annular  Slot 
Antenna 


figs.  aad  IS  show  the  results  of  the  experimental  and  ESP  code 
modeling  data  for  the  loop  fed  slot  antenna  mounted  on  an  9  wavelength 
diameter  ground  plane  alone.  The  peaks  In  the  azimuth  pattern  occur  directly 
out  the  slot  positions.  The  ESP  code  predicts  more  power  towards 
boresight,  as  seen  in  the  elevation  plot  When  a  top  plate  was  placed  on  the 
antenua  to  try  and  suppress  some  of  ihe  radiation  towards  boresight,  poor 
results  ««re  obtained. 


Pig.  14  Loop-fed  Slot,  l.,0  fc 
on  9  wavelength  dla.  ground  alone, 
60°  azimuth  pattern 


Fig.  IS  Loop-fed  Slot,  1.0  fc 
on  9  wavelength  dia.  groimd  alone, 
elevation  pattern 


Figs.  16  and  17  compare  eiq>erimental  and  modeling  data  when  a  large 
2.3  k  X  1.9  k  width  plate  was  added  near  the  et^e  of  the  ground  plane.  The 
eievadon  pattern  for  this  case  is  the  cut  through  the  plate  scatterer.  Figs.  18 
and  19  show  the  resa'rs  for  a  lower  frequeiKy.  0.9  fc.  Figs.  20  and  21  show 
tihe  results  for  a  higher  frequency,  1.13  fc.  Good  agreement  was  obtained  for 
all  these  cases.  For  all  these  figures,  the  actual  calculated  gain  is  plotted, 
unlike  the  BSC  code  results,  udiich  were  normalized. 

For  runs  on  the  9  wavdeogtb  diameter  ground  plane,  the  code  was  set  to 
meih  the  plates  for  0.2  modes/k.  With  fewer  modes/k,  the  code  vM>uld  bomb 
vrith  a  floating  point  exception  during  the  run.  For  the  1.13  fc  runs, 
7900  modes  were  needed.  This  run  needed  -63  NfWords  and  10  hours  on  a 
Cray  C90.  For  the  0.9  fc  runs,  5054  modes  were  needed.  This  run  needed 
-45  MV/ords  and  28  hours  on  a  Cray  YMF. 

Another  option  when  using  the  ESP  code  is  to  approximate  the  finite 
ground  plane  with  an  infinite  ground.  For  this  case,  the  method  of  images  is 
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used  and  the  ground  plane  does  not  need  to  be  mesbed.  This  saves  both  in  the 
number  of  modes  to  be  solved  for  and  :ilso  in  the  complexity  of  specifying  the 
ground  plates. 


Fig.  16  Horizontally  polarized  Horizontally  polarized 

Loop-fed  Slot,  1.0  fc  Loop-fed  Slot,  1.0  fc 

with  large  plate  scatterer,  scatterer  .elevation 

60°  azimuth  pattern  pattern 


Fig.  18  Horizontally  polarized 
Loop-fed  Slot,  0.9  fc 


with  large  plate  scatterer,  60° 
azimuth  pattern 


with  large  plate  scatterer  ,elevation 


pattern 
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FIs.  20  Horizontally  nolaiized 
Loo?-fW  Slot,  1.13  fc 
large  plate  scattercr,  60° 
azimuth  pattern 


Fig.  21  Horizontally  polarized 
Loop-fed  Slot,  1  js-fc 
with  large  plate  scatterer  .elevation 
pattern 


3.2  Annular  Slot 

The  annular  slot  antenna  is  part  of  the  dual  polarization  anteima  shown 
in  Fig.  7.  The  annular  slot  is  fed  by  a  small  stub  underneath  the  main  cylinder. 
The  slot  aperture  circles  around  the  main  cylinder  of  the  loop-fed  slot  antenna. 
For  the  BSC  code  annular  slot  modeling,  a  cylinder  is  placed  on  top  of  a  ground 
plate.  To  simulate  the  annular  ring,  a  set  of  64  slots  are  placed  flat  on  the 
ground  plane  surrounding  the  cylinder,  with  their  short  dimension  aligned 
radially.  Fewer  than  64  slots  caused  the  azimuth  pattern  to  have  too  much 
ripple.  This  antenna  could  be  modeled  accuratdy  with  as  few  as  8  slots  (or  as 
an  annular  ring  souTcc)  when  the  cylindrical  center  was  omitted.  However,  the 
cylindrical  center  could  interact  with  other  scatterers  in  a  complex  setting,  and 
so  it  was  thought  best  to  include  It.  The  annular  ring  source  provided  in  the 
BSC  code  gave  zero  output  when  a  cylinder  was  placed  in  the  center  of  it, 
presumably  because  the  model  approximates  the  aimular  ring  as  a  point 
source  at  Its  center. 
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Figs.  22  and  23  compare  the  azimuth  and  elevation  patterns  for  the 
modeling  and  experimental  data.  The  azimuth  pattern  was  computed  60°  from 
boresite.  A  9  i.  diameter  ground  plane  was  used.  Good  agreement  was 
obtained.  The  BSC  modeling  results  exhibited  a  slightly  non-symmetric 
azimuth  pattern,  the  cause  of  which  Is  unknown  at  this  time.  The  number  of 
significant  digits  of  the  input  data  was  increased  and  this  had  no  efiect  on  the 
output. 


Hg.  22  VertlcaUy  polarized  pj.,  23  Vertically  polarized 

Annular  Slot,  Azimuth  Pattern  Anitular  Slot,  Elevation  Pattern 


Results  were  also  obtained  with  another  scatterer  on  the  9  X  ground 
plane.  As  shown  in  Fig.  10,  a  large  2-3  X  x  1.9  X  width  plate  was  placed  near 
the  edge  of  the  ground  plane.  Figs.  24  and  25  show  comparisons  of 
c)q>erimental  and  modeling  data  for  2  frequencies  for  the  azimuth  pattern  at 
60°  from  boresite.  The  BSC  code  in  this  case  predicts  a  deeper  null  in  the 
direction  of  the  plate  than  the  experimental  data. 
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Fig.  24  VerUcally  polari2ed 
Annular  Slot,  1.0  fc 
with  large  plate  scatterer 


Fig.  25  Vertically  polarized 
Annular  Slot,  0.9  fc 
with  large  place  scatterer 


The  annular  slot  antenna  was  also  modeled  with  the  ESP  code,  using  a 
small  monopole  as  the  source.  Fig.  13  shows  tbs  antenna  as  it  was  modeled 
with  flat  plates  and  wires.  The  source  is  undemeadi  the  center  plate.  The 
results  so  far  have  shown  the  code  predicting  on  the  average  6  dB  of  ripple 
both  in  Che  elevation  and  azimuth  patterns  which  is  much  greater  than  the 
1  dB  ripple  seen  experimentally.  Other  techniques  are  currently  being 
examined  to  improve  this. 


4.0  Conclusion 

For  the  three  antennas  discussed,  the  BSC  code  gave  good  results  for  the 
antennas  alone  on  a  small  ground  plane.  It  tended  to  inaccurately  predict  by  a 
few  dB  the  ripple  in  the  azimuth  pattern  caused  by  a  large  s  :atterer  placed  a 
few  wavelengths  away.  The  BSC  code  was  found  to  be  easy  to  use,  did  not 
require  much  computation  time,  and  was  well  suited  for  modeling  structures  of 
several  wavelengths  in  dimension.  The  ESP  code  modeling  for  the  loop-fed  slot 
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antenna  gave  good  results  for  both  the  antenna  alone  and  in  the  presence  of  a 
large  scatterer.  This  code  requires  more  time  to  implement,  since  the  structure 
must  be  broken  down  into  plates  and  wires.  It  is  computationaily  intensive, 
but  with  our  current  maximum  resource  of  a  CRAY  C90  with  96  MWords  of 
memory,  could  model  a  structure  -  IS  kx  IS  kin  size. 
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Multiple  FSS  and  Aiciy  Mtalysis 
Prograni  (MFAA)' 
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wraoDucnoN 

The  MFAA  jntna  it  t  iHu-orieaiad  caaipuier  code  for  Uw  eieennugneiic  (EM)  ualyiii  of  plmir  layered 
ooapoiire  mnca—  widcii  mi  compriml  of  ail  or  a  oarebinaiion  of  diciecnie  layen,  ihin  Iteduency  relaaive  tiirfacet 
(FSS'i),  a  parfBlly  ■jviixing  giaaBd  ptne  ityer,  and  an  aaenia  amy  layer.  The  code  calciilaiea  die  EM  field  acauered 
ftoa  or  naninid  Mniitli  dre  Aiuuuni  for  an  iocideat.  rebaiarily  polariied  (TE  A  TM)  plane  wave.  The  code  can  alao 
pndiadieiiiliaikaipdUmof  anMennielenuH.  Aapvtof  tbecooipuialico.  ihecodeconipuiet  die  wave  numbcn  for 
a  All  wart  ^  lavatia  plane  wave  and  ifea  cocfBcieaia  of  Are  haaii  tencdoni  repreaeadoi  dm  annti  on  ihe  acanenn. 
Tha  ns  ad  aniy  an  npnaaaiil  n  fiain  loapiA  and  widdh  inftiUirtmally  dii^  pufecdy  cooducdat  nctanpiilar  atripa 
or  craiaad  mitt  Bach  nS  and  anieaa  amy  layer  ii  ooitiideitd  a>  be  a  bifiaiielv  liqe  pmar  amy  of  liieie  mipi  or 
acaiwrati.  Tha  maaaM  layen  whicli  nnka  m  Aa  etanpiiaile  amicsiffi  are  loaaleai  iind  iiauopic  dieleciric  aabaailea.  To 
approrlmree  a  Bniia  addcan,  oa  ca  lalect  a  aibM  of  dre  lafiniie  amy.  The  aaninpiion  ia  nade  dial  all  elenienia  have 
ihi  aanw  eiutal  caaptinp.  Hence  dw  adpe  efiacu  of  aide  ahnenia  in  a  phyaical  ai.ny  are  not  reprcaenied. 

The  code  nan  a  Flodon  hannoaic  medal  enpniiicn  of  dM  acaaiad  fleldi  bom  each  layer  of  die  InAnite  periodic 
antetam  ai  aoire  foe  na  wal  acaaand  Bald.  The  Oeida  are  maiched  at  each  iaiai&ce  eicepi  where  die  H-fialda  are 
djuundaiiinii  by  iha  ctnoan  on  the  aofpa.  The  man  tenon  nunibei  of  Fkapiei  modes  can  he  inilixed  by  die  code  is 
dimcared  lo  3dl.  any  one  of  wAicb  can  be  dre  iecidaai  anda.  In  penenl,  tha  soiuion  convopes  wiih  fewer  modes. 


The  cwienu  whldi  are  eaciaed  on  tha  FSS  and  amy  namveri  ate  deaeimiiied  dmuth  a  Oalaifcin  meiliod  of 
mtmstt  appaoach  op  ao  9  aeu  of  foil  lanpe  ■anmiilil  hniia  and  leMiat  fuaciions.  The  numbat  of  basil  function 

acta  naad  in  rte  con^nadon  is  selecied  by  dw  user  at  dw  itan  of  the  proprem.  Obviously,  coopuadon  time  iacnaaes 
rtanudeaDy  widi  added  aea  of  baais  fonciioos.  In  anat  caaes,  one  or  two  saw  is  all  that  is  needed  Ibr  coeverfeaca  to  a 


The  MFAA  code  wu  wiiaen  In  PORTRAN  at  a  PC  baaed  anaiyali/iyiiihesit  tool,  bu  can  alao  be  OMd  on 
nwintaaae  twnipinnri  If  lecenipilad  with  minor  rhanpei  lo  the  I/O  ponioni. 

BLBCTRICAL  MOOD. 

Tha  analyali  rtanaos  dw  amy  is  iaspe,  ihereCore,  infiakc  amy  dwory  ii  uied  to  expand  iba  EM  fields  as 
luaunaiiaa  of  Floquei  space  hanminic  awdas.  This  approach  was  chosen  primarily  becaose  ii  inherendy  includes  mutual 
cuuplhitbenveenihod^oiecleawats.  Althau|h  a  nwshod  of  mcmenis  approach  could  be  used  (fot  reasonable  accuracy, 
dw  savnaaiKioa  of  tha  coodiiciins  must  be  nn  te  order  of  one  tenth  of  a  wavelengih);  it  requires  die  inversion  of 
axncnwly  large  masrices  to  provide  a  sohilion  for  even  a  small  amy  of  dements. 


Thia  work  was  nippoiiad  by  dw  Naval  Air  Warfare  Cancer  (NAWQ  under  coninci  No.  N<22d9-90^  0380 
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TIk  Floquct  node  jppratch  coMkiers  the  anay  vid/br  FSS  u  •  periodic  Itsice  with  a  unit  cell  leometry. 
tariff*!  by  leofih,  «Wili.  ad  oRM  «i|lc,  ad  ctoien  lo  mtkt  the  srueua  repetitive  rmn  cell  to  cell  (Figure  i). 
To  be  tuct,  the  (nia  be  infinite,  ad  for  Mgllfible  error,  mia  converse  to  a  aloiien  when  uvntraiinf  lo  •' 

ittMintiat  nunbci  of  modes.  The  fields  in  each  unit  cell  are  periodicatly  related  to  every  othc:'  cell.  This  requiru.  uk. 

q(  the  ftoldl  in  a  aingle  cell  only  to  obtain  the  loial  field,  rrsultiri  in  a  lelatively  npid  computation  u  compared 
10  a  meUtod  of  doomob  eomputadon. 

Tba  aatin  la  UladaMd  by  a  plaa  wave  hadaot  tan  a  known  dimctiao.  Tba  oansvm  (a,y  oomponest) 
Oald  variada  or  the  <M)<h  space  hamonic  ti  Kiva  by 


1^  •  -SB  .  «in(t)eea(4) 


(2> 


V..-  eetCOI  .  .a,  •!»<•)  lint*) 


(3) 


Tte  i-cawponat  wiMion  a  .  what  ihe  proptsiiicB  consul  is 


•»»«  • 


(4) 


*  •  ■  W  •  ‘W**  V  ® 

tte  camd  Beld  can  ibo  be  ilecompoee^  iaa  liiwene  electric  CTE)  enl  mntvecie  maineuc  CTM) 
....pn— u.  rijeiinen  the  ular  aiefeeiic  and  elecicic  potemiab  in  tetmt  of  Floquei  ipect  hamonics  (ibe  overtar 
deoetee  tie  TM  oanponeni) : 


e^ixiy) 


07) 


The  Oeldt  to  the  Mb  liyer  can  then  be  eepnoed  er 


•  •  3:  ^ 

Vr  *e*r  n.  nt 

am 

0  0 

1  15^  ^ 

Ci,u, 

oTt"* 

^U1 


(t) 
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.  .  .  'itL-  “W* 

"  "i.  "  '« 


(») 


Tb«  pmfela  tba  baaioai  dm  of  daunniaiiii  tho  unknown  Hold  cooflkitnu  ond  D„.  Tho  dcninint  ipoce 
tanunk lAli paO, qaOliltMaMOf pitasy  inuiM linca U ia luodnad  with  ihe iniln  beom  pnpaotini  mode 
while  (w  odHT  Iwnaciice  an  niMad  lo  pidint  lobaa.  llw  next  aiap  In  iha  analyata  ia  n  lalau  iha  BaMa  in  aach  layer 
by  die  wa|«ari»i  flaUi  (E  nd  H)  ai  ihe  InaiBna.  The  aimple  dielacirk-iodielecilc  boondaita  lead  lo 

■anaiaaiDoMbaien  aiaarkaa  at  Cm  lam  (tar  TE  lo  a)  i 


‘i.'" 


(I  *  (i 

T«‘“^ 

(1  -  (I 


Tea”  >  aaiTi,‘*-YV"i‘» 


(10) 


md  slmiMy  lor  TM  lo  t. 

ThM  owrix  finiinM  nlatt  the  fleUi  in  thn  r*ih  teycr  to  the  neJdt  in  th.  i-ih  leyer.  The  flni  boteidaiy  condition 
10  be  wriifterl  m  s  flri|i  teyer  te  coMhiinty  of  teageBtiel  E*fUd : 

•  M{”(Ji.y.e-)  (*1) 


aver  dM  aaea  o(  dm  call 

A  booBdvy  cnntHeioB  thei  meet  be  eMisTied  it  that  the  tangeaiul  component  of  the  elecBiC'field  must  be  mv 
00  the  coaHuaon.  For  tbe  rec  iroaod.  tbit  leidi  io  o  of  ipecthliaed  iransnis«on/reneciion  maihces.  Tbe  FSS  or 
anty  it  owed  lo  be  ooothietive  ttipt  that  ore  centerod  in  their  letpective  unit  cells.  Applyinp  the  xcro  :an|ential  field 
condldoti  yietdi  on  ooloided  script: 

A'*'(ar.y.0.)-0  »*) 


<o««r  *e  ««t  of  tbe  otrip) 

To  oUow  tar  loidi  on  the  sripi,  the  aoeendei  Odd  on  da  amy  nip  adafieo  ; 

wbaca  Kx)  ia  dm  Diaic  daki  tactioa. 

The  tadi  Id  dm  praaeal  iBodal  «a  aaaaaad  B  be  pia«  naiaiva  poim  lotda.  The  laa  bouadvy  condldon  to  be 
— «i««i«d  k  Be  oOMkatty  of  iniaiiial  H-Deld  on  die  ailp. 

k,***  u,r.e.)  -*i“  u.r.e.)  (*,yi  (M) 


I.  it  the  esmt  muiimn  tod  is  the  free  spaoe  impedance.  Each  equation  is  tested  with  an  inner  product  defined  as 
friUows : 


when  ^iplied  10  equaiiou  (II) 


(IS) 
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Tbt  tqdHian  for  a  iiB|la  baait  function  Mt,  limplifled  by  iatroducing  a  lotaiion  and  DVuJauon  of  the  poordinau 
axel  to  alifn  with  the  ttrip  ccaien.  Is  dafined  by : 

Aw)  • 

'  (19) 


Winn  I,^  1,,  in  the  uoknown  cunem  mugnituda  in  Ihe  x  and  y  diisctioiu  of  the  r*  lynutiainc  and  isynuneiric 
tnadil  barii  (unciiau.  A  nmialuaiion  aomtani  mun  he  dented  baa  the  aiBini  oter  the  slip  ann  of  die  dot  pnxluct 
the  hiiia  tvasbaa  (19)  with  iiaeU. 

The  nt^iepriiiB  hmir  pcoduoi  ((19).  (16),  (IT))  ate  then  applied  in  the  hniii  fonction  ni  (19).  Once  the  inner 
pnduca  an  temd.  and  (he  an  nanipulaied  with  suhsihiticn  of  the  ^pnptiau  nnaminioiMIeciioo 

auiiicei(IO).  tmat  eiiniiiaii  leauh : 

<V|V*U*V  * 


Tjo  ^ 
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Tbe  lUDu  elonaitt  coolii  of  iloubk  i<nii  of  preducu  of  Uie  liinu  fiuictions  rtuliini  from  die  iniepaiion  of 
die  Eondmiiqi  equviaiii  (inaer  pndiKl)  over  die  cell.  A  lyidcal  elemcni  hit  die  fono  ; 

(■’i  ,/i>  -  (1^  El,  ^ 


Thii  eleoml  would  be  mncildvl  with  die  t|  unknown  cinent  coefTcieiit.  The  nmrii  nis  it  •  funciion  of  ihe 
nwber  of  buit  Idnctioa  tea  r,  hivini  r  elemeiiu  of  die  lyimoclhc  type  M  cm  of  the  itynuoeirio  type  for  both  die  TE 

ad  TM  pnnlmi  of  ihe  eqmiioot  mailtini  in  e  2(rf  I)  by  Tffwl)  meiiix.  When  and  n  fonned  hoo 

preducu  md  niuu  of  die  tnaanbmn  end  reflectian  nutiicee,  end  F, ,  ,  aid  2  in  die  bniis  functioiu  aid  die 

inpedean  ftacdan. 

Upon  tolvind  tor  dw  adaiinm  comnit  Ihe  leniu  ere  uied  lo  lolvc  for  die  iranitniued  aid  nillecaad  fieldt.  By 
(teredinf  the  oonbiaed  aiucture  of  FSS's  end  any.  e  nluiion  it  developed  with  only  propaiaiing  spice  harmonics 
allowed  to  nonit  or  nflecL  Thii  ^iproich  tiniplifiei  die  audyiii  for  unequil  cell  sites  of  die  any  and  FSS  imiciuies 
and  is  Mill  vaHd  anoe  moa  of  the  nan.frapaptiiit  modes  are  hithly  ineaiaied  ovet  die  lepaiiioii  diiimccs  of  die 
anucune. 


The  moooiatir  ecaoetinf  of  1  Gniie  array  cin  be  modeled  by  applying  an  imy  bcaor  lo  die  scaiteied  field 
riirulaal  for  da  aagis  cell  over  a  renge  of  incidesce  aiglea.  This  makes  ihe  uBimpiioo  dai  die  inflnia  any  can  be 
Duncaed  aadiha  the  soaand  Held  tor  each  element  of  Ihe  Bnie  liie  any  is  the  same  as  in  die  inflniieanay.  bitealiiy 
Ihe  edge  elenieai  of  da  fhda  amy  expenenoc  a  diffenni  muiual  coupling,  and  hence  acaner  diffesendy  lhai  ihe  center 
eleiiaiiaa;  however  as  any  alae  increaaes  this  approaiaatian  improves. 

The  ghn  of  da  finia  aniy  can  be  appraainaied  in  a  shnila  manner  by  using  the  caicniaied  excitation  cinient 
a  boreaighl  of  da  mfinue  aniy  ekocot  as  die  cunent  on  each  dement  of  die  rmiie  aany.  The  gain,  ndiadon  resistance 
and  olhar  paamiuin  of  da  Oniie  any  can  dssn  be  compuied  by  replying  the  appsoprieie  any  facior. 

COWCLUSlOW 

The  oode  bee  been  died  eo  model  eeveral  published  FSS  end  any  geonetsiei  11  well  u  1  multibend  creeled  end 
eagle  dipole  auyi  whh  oadriphi  FSS  aid  FEC  ground  planei  which  were  built  aid  Bated  lada  conipioy  OUID.  The 
cilcoliad  noda  of  three  reodele  preved  »  be  conpenble  to  the  puhlielad  date  end  wiihia  approahoasely  five  percent 
of  Ihi  naanaod  dam  tinpli  pkn  n’  there  daa  ac  diown  in  figaei  2  duoiigh  7.  The  code  ia  prcsemly  being  uied  u> 
diiiga  h  reoa  onmphci  mnhlhaid  any/FSS  loocano.  The  oode  has  been  cooipiled  on  i  VAX  mainfreme  end  an  HP  700 
serin  —»*•"*“*»■  n  wiU  a  on  PC'i  and  ie  praving  a>  bo  a  useful  ahilyiit  aid  deii|n  uol.  Enhaiceinenis  lo  ihe  code 
a  Inprore  cOcancy  ad  alky  of  he  code  are  bomg  made. 


[11  Nan,  E.  I.  end  Mimk.  BJk. ,  'Scauring  from  Periodic  Amyi  of  Ooifed  Dipolee*,  IEEE  Tnuadiioa 
CO  Aiaionii  and  PraptRdoo,  Vol.  AP-27,  No.  3,  May  1979.  pp.  323-330 

12]  Tuo,  Chacb-Haiag  red  Minn,  R..  'Speciial  Dooahi  Analyiia  of  Fieouency  Selective  Surfaces  Ccoipsiacd 
of  Periodic  Anays  ofCioa  Oipoire  and  Jenisalnm  Oossca',  IEEE  Tiamctianaon  Aniemiaa  end  Piopagaiion,  Vol.  AP-32, 
No.  3,  Mav  19g4.  pp.  47g-st6 

[3]  Zarillo,  C..  and  Lee,  S.W.,  Xlosed-Fonn  Higb-Fni(uency  aad  Low-Frequency  Soludona  For  Elccuomagnetic 
Wnvci  TTuough  a  Frequency  Sokciive  Sutfect',  Electromagnetica  Lahoiacty,  Depenmesii  of  Elccuical  Engineering, 
Engiiieniing  Eaperimnni  Stehon,  Unwaaity  of  lUinois  a  Uittni'Cliainpagn,  Octabnr  1982. 
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FREQUENCY  PERTURBATIOfi  FOR  CIRCULAR 
.^RR.*Y  OF  COUPLED  CYLINDRICAL  DIPOLE  .WTENN.*^ 

on  FATiM  »t.  el-hefnah: 

ELECrnOHICS  RESEARCH  INSTITUTE 
OOKXI  /  CAIRO  /  EQVPT 

1.  INTROOUCTION  : 

Thi*  (MPAr  prAMnta  a  pi'Ocadur#  for  CAlculiting  afflciantly  tfM  fraguancy 
PArtui'bAtlon  of  a  circular  couplad  cylindrical  dioola.  Thi»  ia  coaiaonly  don* 
tlirough  *ubMqu*nt  application  of  th*  algorltn*  at  diff*r«nt  valu**  of 
ft'MHMncy.  A  nov«l  tochniqu*  ia  d*v«lcp*d  to  avoid  auch  r*o*at*d  coaoutation, 
iHnc*  aavlng  coaputar  tiaa,  atoi-aga  and  affort.  Tliia  ia  don*  by  aolying  ttw 
coiAlad  Intagral  aquation  at  a  ainqla  frequancy  and  than  axtanding  tlw 
aolutlon  to  covar  a  band  of  fi-aquanciaa,  by  iaplaaanting  Taylor  aarias 
aiqianaion  for  th*  currant  diatributiona  on  th*  diffarant  antanna  alaaanta  aa  a 
function  of  fiaouancy.  Tha  Jarivatlvaa  naadad  for  Taylor  unpanaiona  ara 
calculatad  uting  th*  aaaa  iipadanca  aatrix  calculatad  for  th*  aolution  at  a 
aingla  fraquancy. 

Convarqanca  of  Taylor  aariaa  aiioanaion  ia  quarantaad  by  too 
tranaforaationa.  Tha  firat  ona  raquiraa  a  knoaladqa  of  bol*  location,  to 
axtract  th*  aingularity  out,  than  applylne  Taylor  aariac  on  tha  analytic  part 
only  la  atraight  foraai'd.  Tha  aaoond  on*  utilizaa  th*  fact  that  tha  pola*  of  a 
function  ara  tha  zaro*  of  ita  Invaraa,  hanoa.  Taylor  aariaa  ia  appliad  on  tha 
invaraa  of  tha  currant  diatrlbutlon.  Both  tranaforaationa  do  not  raquira 
rapaatad  ooaputation  of  tha  iapadanca  aatrla  or  ita  invaraa. 

Couplad  iaprovad  Rocklington  intagral  aquation  ia  auggaatad  for  the 
aolution  uaing  th*  aethod  of  aoaants  tlJ.  Xarnal  aingularity  ia  ovarcoaa  uaing 
axtandad  boundary  condition  t2J  raaulting  in  a  regular  karntl.  Currant 
azpanaion  baaia  ia  choaan  to  ba  of  tha  antira-doaain  typa  to  aava  coaputar 
atorao*  and  tia*  C3J,[4].  Tha  incraaaa  in  the  expactad  tint  to  carry  out  auch 
intagration  nuaarically  ia  fairly  rtdi\-ad  by  a  aaai-analyt.ic  tachniqu*  aiailar 
to  that  uaad  by  Duncan  and  Kinchay  tSJ  »ith  aoat  aodificationa.  Thia  ia  dona 
by  axpanding  tha  karnal  in  FOuriar  aariaa  .  Inflnita  Fouriar  Sariaa  (IFS)  ia 
chnan  for  tha  aalf  iwnial,  iihila  Finite  Fouriar  Scriaa  (FFS)  ia  uaa  fw  tha 
■utual  kamal.  Tha  bahavior  of  tha  karnal  ia  bahind  tha  choioa  of  IFS  or  FFS. 

Tht  Mthod  of  faading  auggaatad  ia  auch  that  it  U  in  tha  coarator  range 
C«]  uhich  rapraeanta  th:  elactric  fiald  diatrlbutlon  in  tha  apar^urt  of  a 
coaxial  fad  aonopola  ovar  *  ground  plane  IT]. 


2.  COUPlfD  INTEOML  EOWTION  IN  CinCUUUt  ARRAY: 

Conaidar  n  ayaMtrically  idantlcal  antannia  of  a  circular  array  of 
dipolaa  equally  epacad  aa  ahoun  in  fig. (I).  Bich  antarm*  haa  a  half  l*ngth  h 
and  radiua  a,  ralativa  to  tha  uava  length.  Tha  antanna*  ar*  aaau*ad  to  ba  thin 
auch  that  a<<i  ,  h/a  >>X.  Aaauea  p  ia  tha  radiua  of  th*  circular  arriy.  th* 
*at  of  couplad  Pocklington  haa  the  follouing  fora: 


k  Hi  -JIvfcE  (*,k) 

i  'n  <i-,k)k^  (x.z'.k)  df - tactU - 

QFi  -a  ^ 


.N(l> 


Mhcr«*  I"  is  th«  curr#nt  distr^ution  on  ths  »  **  sntsnns.  HfniF.r't  i*  ths 
Ksrntl  bstMMfi  the  i  snd  tha  s  snt«nn«  r«Apsctiv*ly  and  is  givsn  dy: 


(2) 


S45 


<vid  ft'*'  ii  t,h^  i  ^nd  the  a  entenna. 

the  ^-...oeoonent  of  *  «  ^iKidant  'i«ld  on  the  aaIs  of  anteni'u 
the  Mthod  by  che’ig  f»hich  eoM«I  to 

V  -jkfl,  -jk?, 

Tnrrr—  ^  -1=- - - ■ 


E  n 


;  j .  ic  i 


Aiao,  £.«.-n  '  is 
i.  resulting  fro* 
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«  .1“  -  r;  -i  • 

The  Ke.‘ne.l  in  egoetion  (i)  ^laffers  fro*  singularity  siVn  both  the 
cbMrvation  ahd  the  source  ooiirte  coincide,  Xi.is  o*etco*«  using  extended 
line  type  bo^>(Viiry  condition  eeMng  uee  the  feet  thet  the  electric  field 
aenielMA  on  (he  exie  of  tne  dj^yr.le  end  eithin  tn*  dxoole  surface.  Thus  the 
obeervetion  point  cen  j«  te^en  on  the  dipole  exis.  While  the  source  point  is 
teken  utn  the  entenoi  eurfeee.  lienee,  tne  distence  R  cen  be  wr  itten  es: 


^iZ  2')2  * 

'  •■■ '  »ii ;/s 


1  y  B  (6; 

-  -  D  <7) 

is) 


Th*  Mt  of  codcl  '■a  irtogrol  ooiutlon  ( 1 }  i»  sol»«fJ  jtxo)  Ihti  Mtrtcd  of 
•ouou  til  th,  foltoaing  Mc.ticok. 


3.  cURREHT  GtaTOtBUTiaFi  lH  CtRCULM  ARIMY  : 

TIm  Mt  Of  coioio.':  iiTtogroX  fouationo  (X>  is  solf«d  jsino  tna  sathed  of 
SOM  fit*  (!].  Tlw  iarnal  is  awanded  usin)  l^ouiiar  sarias  MKing  osa  of  the 
foot  that  t.z'  afitar  oniy  as  tha  acuara  ters  oi'  thair  diffaianca.  Sine*  h>i>-li 
and  h>t‘>-h.  Than  iat  f,  -  z-i  viaide.  2h>f>-2h.  Thus  tha  Karnal  can  ba 
aieandad  in  fourlar  Mrias  of  Mri‘Td  4h  siving  ; 
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■TI' 
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■TO 
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00*  (-‘’.rii-i 

Jh 
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(10> 


and  ZOyi  an  tha  total  mabar  of  points.  Miile  Oo's  i.h  aouation  (9)  ara 
oalriilftart  using  Uta  Isast  vduaran  for  autual  karnsl.  for  tha  solt  karnal. 
inflnita  Fauriar  aarias  oioanslar  is  uaad  «ith  tha  sasa  pariod  giving; 

‘ti  <  >  *1^  “>•  )  <ll) 

*•*"  ■  S'  “u  ^ 

usirg  a  orocaoura  alailar  to  tJiat  aepliad  oafora  by  Sucan-Kincy  (S]  givas: 
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C  ‘  Oi.a(.;||)  avp  f  -Jkil..  ]  (-fr-  ■'■  ■*  jK) 

end  Tor  3  >  k,  one  he* 

■  -r  ■  T-  ■  ^  =51,  "  ^  ’ 


;i6) 
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(17) 


^ /  2 )  for  X  o4d .  q  even 

r  odd .  q  odd 
othervise  (28) 

Ttw  int«gr«tlon  iji  aquation  (25)  to  calculata  c'  ,0^  «r«  caiculatad  in 
a  aannar  aiailar  to  t)ut  uaad  bafora  by  Duncan  and  Hinchy  (SJ  giving  : 
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Thus  eausticn  (24)  csn  bs  solvsd  ssking  um  oT  syssetries  in  circular 
array,  uhsrs  tha  resultant  satrix  is  circulant.  Ajolying  the  proceciure  used  by 
Sinnot  [7J.  one  can  easily  get  the  current  distribution  of  ttw  circular  array. 

4.  CAICULATINO  OF  CURRENT  OERIVATIVES  : 


Differentiating  aquation  (l)  uith  respect  to  k,v  tises  gives  ; 


:  . 

0*1  -h 


,K) 


(V)  S  *1)  V  v: 

if'*' .kiky  (t.i' .k)dz'  (32) 


Share  f^'^^i.k)  is  the  »'*'  derivativ''  eith  respect  to  k  of  the  right  hand  side 
of  equation  (1),  I^’'^  is  the  derivative  of  the  current  on  the  elesent  and 
'‘in^  v^*"  derivative  of  kernel  betueen  the  i^^  and  the  n^‘  elesent 
respectively. 

Equation  (32)  can  be  applied  for  increasing  values  of  r  froa  rzl  to 
higher  values  to  get  current  derivatives.  It  is  to  be  noted  that  the  kernel  in 
equation  (32)  is  the  eaae  as  the  kernel  of  equetion  (1).  Hence  eeploying  the 
ease  prooadure  applied  in  section  3  by  ejeaending  the  kernels  and  the  current 
derivatives  in  Feuriar  seriss  yields  the  saee  eatrix  (x)  cbtainsd  in  aquation 
(25),  but  uith  dlffarent  right  hand  slda.  Hsnoa,  it  is  only  nee  dad  to 
calculate  for  eech  derivetive  value  v  a  new  right  hend  side  of  equation  (32). 
Applying  tha  procedure  daecrlbad  in  section  3  on  equetion  (32)  yields  : 
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whera  A__  is  the  hsraonic  of  the  v*‘’  derivative  on  the  eleacnt  and 

th 

0^"  is  the  q  haraonic  of  the  v^  derivative  of  the  kernel  beteien  eleeents 
U  V 

(lui)  end  is  calculatad  using  Issst  squires.  Also  fi  (x.k)  is  e^gaanded 
infinite  Fourier  series 
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;-.;z.kl  -9  -r-  '  CCS  ; 


(3^) 


iiihi£r<i  F  '&  «ird  c^IculAt^  usj.i'v^  ^uar^s.  Th-^  ^Qu&tioM  (33)  t'eji-ices  to 

*3  :  2  ’  ;  A''  >•  uV  ,35. 
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S.  FISaUENCY  r>ERT(W8ATiaN3  : 

Taylor  t«ri«s  repreMirtation  of  ttw  current  on  eecn  antenna  elawirt  la 
built  10  ae  function  of  K  givee: 
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Tfte  value  of  >,(z'.k)  at  k:|co  ie  calculated  at  Motion  3,  While  I. 
(21  "  " 
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are  calculated  in  eection  a,  thue  the  currei.t  on  each 


eleeent  of  the  circular  array  ie  directly  obtained.  Oue  to  the  exietenoe  of 
pole  location  in  thi  coiplex  froqaency  plane,  divergence  occurs  in  equation 
(37)  uhich  ie  overcoet  by  building  i«  another  Taylor  series  of  the  inverse  of 
the  current,  provided  it  is  enelytic  et  that  point.  Expensicn  of  l/lnl2'.k)  is 
built  k*)  nhere  : 
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foi'  *11  *nt«nna  «l«irint*.  ib*  ln««r*«  giv«*  th«  ouri'«nt  Olili  ibuiicn  on 

Mch  of  Uw  circul*r  orrjy. 

«.  NUtlERICAL  RESULTS  AND  CONCLUSION; 

Th«  Mthod*  pr#»*rrMd  infr«qu«rio;<  porturbotion  gi«  the  solution  jt  e 
bend  of  freouencie*  eithoot  reoeeted  celculetion  of  the  ieoeda.ice  eat.  ia  I  oi 
it*  eleeent*.  The  second  sethcd  ehich  uses  leylor  series  of  the  in.ei  se  of  the 
current  give*  better  result*  «h*n  cosoered  uith  esberieental  end  othei 
piAilished  nueericel  result*  e*  shoen  in  table*  l~e*  end  figure  (1) 
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ABSTRACT 

In  this  paper,  the  peak  sidelobe  level  degradation  due  to  the  phase  quantization  in  scan¬ 
ning  phased  array  antenna  is  described.  The  several  computation  formulas  which  estimate  the 
peak  sidelobe  level  degradation  and  the  some  simulated  computation  results  are  given.  It  is 
shown  that  the  theoretical  analysis  are  in  good  agreement  svith  the  simulated  computation  re¬ 
sults. 


I .  INTRODUCTION 

Beam  steering  for  phased  arrays  normally  employs  electronically  swiicbable  digital 
shifters  in  a  few  microseconds.  Most  of  the  phase  shifters  in  use  are  digital,  the  digital  phase 
shifter  consist  of  P  iixed  phase  shifters  whose  volues  are  individually  equal  to  2k/ 2,  2x/2^ 
•••  Jn  /  2',  P  is  called  the  bit  number  of  the  phase  shifter.  In  order  to  steer  the  beam  to  a  given 
direction,  we  must  set  up  the  phases  computed  according  to  the  steering  direction  in  the  phase 
shifters.  But  all  the  values  cannot  be  exactly  phased  in  the  digital  phase  shifter.  Therefore,  the 
phase  should  be  set  up  in  the  element  muse  be  quantized,  it  introduces  parasitic  sidelobes  due 
to  the  phase  quantization,  and  the  peak  sidelobe  of  the  array  will  be  degradated. 

In  the  early  phased  array  research,  many  techniques  are  proposed  to  analysis  the  effect  of 
the  phase  quantization  on  the  peak  sidelobe  level.  It  is  well  known  that,  when  the  rounding  off 
is  used,  the  parasitic  sidelobe  is  -6P  (dBl,  when  tlie  random  phase  shift  technique  is  used,  the 
parasitic  sidelobe  is  -12P  (dB).  In  fact,  these  results  are  effective  for  a  large  array,  when  the 
array  if  not  large,  the  above  conclusions  are  not  accurate. 

In  this  paper,  using  the  principle  of  the  probability  and  the  statistics,  the  peak  sidelobe 
degradation  due  to  the  phase  quantization  in  scanning  phased  amy  antenna  is  described.  The 
several  computation  formulas  (  for  rounding  off,  rounding  up,  rounding  to  the  nearest  bits 
and  random  phase  quantization  )  which  estimate  the  peak  sidelobe  level  degradation  are 
given.  It  is  shown  that  the  sidelobe  level  degradation  is  the  function  of  ideal  designed  sidelobe. 
stray  aperture  efficiency,  the  elements  number  of  an  array  antenna  and  the  bit  number  of  the 
phase  shifter.  Some  simulated  computation  results  are  given  and  they  confirm  the  theoretical 
analysis. 
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I.  THEORmCAL  ANALYSIS 


For  simpliciry,  suppose  that  there  is  a  linear  array  antenna  witli  N  isotropic  elements 
spaced  at  distance  d,  the  field  pattern  can  be  written  as 

£-  X  I,*' (1) 

n  ■  1 

V/herc  1,  is  the  amplitude  at  the  n-th  element, 

k^Jn/  i<  i.  and  ai-e  the  wave  lenjth  and  scanning  angle  respectively.  In  general,  the  phase 
quantization  function  of  array  antenna  can  be  ezpressed  as 

-Int(^-^  f •  A  (2) 

where,  6,  it  the  quantized  phase  at  the  n-th  element,  A  ”  2n  /'  2',  F  and  Intf  •  )  sund  for  the 
bit  number  of  phase  shifter  and  intetralization  respectively,  6^  is  the  accurate  phase  shift. 

For  rounding  off,  rounding  up  and  rounding  the  to  the  nearest  bits,  the  phase 
quantization  function  is 

/,(")wC,  OSCSl  (3) 

C  "  0,  for  rcuRd'ing  off  i 

C  •  1,  for  reundtnt  up  f  (“') 

C  —  O  S,  for  raundiag  to  the  nearest  hits 
For  random  phae  quantization,  the  phase  quantization  function  is 

/jW-C,  W 

In  equ.(5),  the  C,  is  the  random  number  uniformly  distributed  in  region  (0,1).  Due  to  tl'e 
phase  quantizatioo,  the  array  pattern  can  be  written  as 

r~  I  (6) 

1 

where  ug  is  the  accurate  phase  shift.  S',  is  phase  error  due  to  phase  qiuntization. 

Using  the  principle  of  probability  and  statistic  theory,  it  is  known  that,  for  rounding  off, 
rounding  up  and  rounding  to  the  nearest  bits,  the  phase  error  S,  in  eqa(5)  is  random  number 
unifoonly  in  region  1— a  /  2',  n  /  So 


<£'(«)>  -  If,  <€**'• 

(7) 

<  •  >  stands  for  mean  value,  it  is  obvious 

According  to  the  definition  of  variance 

N 

(8) 

£»(£»)-  <£'(«)r  '  («)>  -  <£'(«)>  <£'*(«)>- 

I  o{j,) 

■  «  1 

(9a) 
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)"  >  —  <J  >  <j'  ■> 

n  n  n  It  H 

In  the  »bove  fonnula,  .  Using  the  equ.(9),  we  can  obtain 

'J'  >  -  </  •/  -  >  -/* 

H  n  H  H  M 

<■',  >  <J‘  >  -  </,<'*■•  >  </,*■'*'•  > 

So  ^ 

The  sidelobe  level  degradation  due  to  phase  quantization  is 

I  <«..>!.  J,.,  I/.-' ->"i 

- J - ^  -i - - 5 - 

r<..>  hr-m-zj. 


I  <J^> 
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In  equ.(I7') 
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where  It  “(  Z  Z  i*  artay  aperture  eflidency.  So,  we  have 

1  '  na  I 


•3LL^+3 


"«  0  'V  ,v . ,  .2f  .  if  n  \  ‘ 

7  ^ 

When  the  bit  number  of  phase  shifter  is  large,  equ.(]4)  cat:  be  simplified  as  follotvs 

SLL^  - - 

WJ)  -  20  •  ^  jvr; "  ^ ) 


where 

StLf  is  the  ideal  designed  sidelobe  level 
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N  is  the  tot&l  number  of  the  amiy  element 
<1  is  the  amy  aperture  efliciency 
P  is  the  bit  number  of  the  phase  shifter 

It  can  be  seen  that,  from  equs.(l4)  and  (15),  the  sidelobe  level  degradation  due  to  the 
phase  quantization  is  the  function  of  anay  aperture  efliciency  ti,  the  number  of  array  element, 
the  ideal  designed  sidelobe  level  and  the  bit  number  of  phase  shifter.  According  to  equ.(l  S).  we 
can  estimate  the  effect  of  phase  quantization  on  the  sidelobe  level  degradation  for  rounding 
off,  rounding  up  and  rounding  to  the  nearest  bits.  Similarly,  based  on  the  above  method,  for 
the  ease  of  pisnar  amy,  suppose  that  iiti-N  elements  are  arranged  along  the  X  and  Y  axes 
with  equti  spacing  4,  and  the  formula  of  sidelobe  level  degradation  due  to  the  phase 
quantization  can  be  written  as 


•I  M  •  AT  •  I 


.  zf  *  \ 
2  r.n  (  — 1 


/  M  tf  \Z  i 

where  If*  I  £  )  /  MN  i  J)  is  the  apertun  efliciency  of  a  planar  am 

antenna.  When  the  bit  number  of  phase  shifter  is  large,  equ.(16)  can  be  simplified  as  follows 

SLt,  I - - 


Sf  im  -  20  .  fogdO  M  y  (H) 

When  the  random  phase  is  used,  for  a  linaar  array,  the  formula  estimated  for  the  sidelobe 
level  dcgndaaon  is 


when  the  hit  number  of  phase  shifter  is  lane,  «qu.(I8)  can  be  simplified  as 

-s-  r~r~  2x 

SLL^„  WJ)-  20  .  fofdO  23  +  J  (19) 

”  2 

For  ihfi  p]«n&r  tmy  antmiiui,  the  formuSt  intimated  for  tidclobc^  level  degnuUxion  can  be 
expreeied  as 


+  3  /  ■  • 

V  M  •  ff  *  ff 


,V-I  -  2  f  2r  >  ’ 

7  sm 


When  the  bit  number  of  phase  shifter  is  large,  we  have 

SLL^  - 

-  20  .  /og(10^  +7 
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m.  SIMULATED  COMPUTATION 

In  the  followii  jome  typical  examples  are  given.  The  total  number  N  of  linear  array  el¬ 
ements  is  32,  the  ideal  pattern  is  -30(dB}  taylor,  the  array  aperture  efficiency  is  if  0.8488  and 
the  bit  number  of  phase  shifter  3.  When  the  array  is  scanning  from  0  *  ~  60  *  ,  the  peak 
sidelobe  level  is  calculated  using  the  FFT,  the  results  are  shown  in  Fig.l  (a)  (b)  —  Fig4  (a)  (b), 
where,  from  Fig.  1  —  Fig.4,  the  rounding  to  the  nearest  bits,  rounding  off,  rounding  up  and 
random  phase  quantization  are  used  respectively.  In  these  Figures,  (a)  is  the  peak  sidelobe  lev¬ 
el  distribution  in  region  0  *  —  60  *  ,  (b)  is  the  probability  of  PSLLs  leas  than  the  specified 
sidelobe.  From  Fig.l  to  Fig.3,  we  can  tea  that  the  peak  sidelobe  level  is  -24.3(dB)  in  region  0 
*  —  60  *  ,  the  sidelobe  level  degradation  estimated  by  equ.(15)  is  -23.84(dB),  the  simulated 
values  differ  from  the  prediction  by  no  more  than  a  few  percent  in  analysis  of  PSLLs  degrada- 
tion.  The  Fig.5  —  Fig.6  are  typical  quantization  pattern  in  which  the  array  is  scaiming  to  3$  ' 
when  the  rounding  to  nearest  bits  and  the  random  phase  quantization  are  used  respectively.  It 
can  be  seen  that,  from  Fig.S  —  Fig.6,  the  effect  of  phase  quandzation  on  peak  sidelobe  level 
cannot  be  neglected. 


IV.  CONCLUSION 

In  this  paper,  the  effect  of  phase  quantization  on  the  sidelobe  level  for  phased  array  an¬ 
tennas  are  described,  tome  formulas  of  estimating  sidelobe  level  degradation  due  to  phase 
quantizatioo  and  some  typical  simulated  computation  results  are  given.  It  can  be  seen  that  the 
sidelobe  level  degradation  due  to  the  phase  quantization  is  the  function  of  array  aperture  effi¬ 
ciency  q,  the  bit  number  of  phase  shifter  P,  the  ideal  designed  sidelobe  SLL«  and  the  total 
number  N  of  array  elements,  ttie  simulated  computation  results  are  in  good  agreement  with 
the  theoretical  analysis.  It  is  effective  and  practical  for  designing  phased  array  antennas. 
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Fig.6  The  pattern  of  scanning  to  35  ’  when  the  random  phase  quantization  is  used. 
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ABSTRACT 

In  this  paper,  a  novel  algorithm  of  real  phase-only  nulling  synthesis  for  phased  array  an¬ 
tennas  is  proposed,  which  is  based  on  the  'Element  Null  Vector'  and  modified 
Gtam-Schmidt  orthogonalization,  it  is  effective  to  set  wide  null  and  low  notch.  In  addition, 
the  increase  of  notch  level  due  to  the  phase  quantization  is  investigated  too. 

I .  INTRODUCTION 

The  antijammer  technique  is  one  of  the  impoitant  research  subject  in  modem  radar.  To 
suppress  the  jammer  signal,  many  techniques  were  utilized*''"^  Now  we  are  etigaged  in  study 
of  developing  a  novel  algorithm  which  only  controls  the  phases  at  elements  in  the  array. 

In  phased  array  antenna,  the  phase  is  set  for  beam  steering.  If  we  use  phase  weighting 
method  to  set  up  nulls  in  field  patterns,  the  required  phases  can  be  added  to  the  scanning 
phases  at  no  extra  cost,  and  the  signal  from  jammers  can  be  suppressed. 

In  this  paper,  a  closed  loop  algorithm  for  real  phase-only  weighted  nulling  synthesis  is 
proposed  Its  main  ideas  are  (1)  In  the  inner  product  normalized  space,  a  set  of  linear  inde¬ 
pendent  vectors  (  element  null  vectors  )  is  constituted.  (2)  The  coustituted  complex  inner 
product  space  is  linearly  transformed  and  divided  into  the  real  and  imaginary  parts.  (3)  The 
oonstituted  vector  are  expanded  into  Taylor  series  and  the  nonlinear  equation  are  converted 
into  the  linear  ones.  (4)  The  orthogonalization  is  iterated  using  the  modified  Gram— Schmidt 
method  and  the  optim  ization  is  used  to  deepen  the  nulls.  (5)  The  increase  of  the  null  depth  due 
to  the  phase  quantization  is  analysed  and  the  appropriate  random  technique  ( ART  )  is  used 
to  alleviate  the  phase  quantization  effect. 

E.  PHASE-ONLY  NIHilNG - THE  ELEMENT  NULL  VECTOR  METHOD 

Suppose  that  there  is  a  linear  array  antenna  with  N  isotropic  elements  spaced  at  distance 
d,  let  that  the  array  pattern  nulls  are  located  at  K  directions  (0„  6],— ,9^)  in  space,  so,  the  sig¬ 
nal  received  by  the  n-th  element  in  K  direction  ;s 
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where 


*n  ^  *.“t  +1»t) 

I 


(1) 


i  a  the  w&ve  number,  a,  and  <fi,  are  the  received  «(nal  amplitucie  and  phase  respectively, 
a,  is  the  n-th  element  excitation.  From  eqtt.(I),  we  can  know  that  the  signal  received  by  each 
element  from  it  space  direcdan  is  linear  combination  of  {expj  (nuti)  (k~  1,2,— Jt)-  In  order 
to  set  up  nulls  in  K  space  direction,  it  is  necessary  to  make  signal  received  at  each  element 
equal  to  zero  in  the  K  direction  ( as  a  transmitting  stray,  it  is  the  same ).  Thus,  using  the  DBF 
ideas  in  paper  [9],  we  constitute  a  set  of  .AT  dimensional  column  vectors  and  assume  that  the 
number  of  dimensional  column  vectors  constituted  is  itf.  We  have 

(2) 

where 

Im  2m  >*’"»* 

^  (3) 

K  «  1 

In  equ.(3},  {k»  IJ,'-  JC.  m—  Ur-  M)  are  random  number  uniformlv  in  (0,  2it) 

generated  by  computer  and  we  call  it  as  'Phase  Adjustment  'anor  of  Linearly  Independent 
Vector'. 

To  set  up  the  K  nulls,  suppose  that  a  small  phase is  created  at  the  n-th  element,  these 
T.'s  (n«  i  J.— .AO  form  a  N  dimensional  vector 

V  -  (exp/  V  ^  ^xp!  y  j  ,-,exp/  V (4) 
and 

('P.Ar^)-O  (5) 

i.e, 

y 

X  exp/ =0  m«l,2,— Jlf  (6) 

«l  •  I 

In  equ.(S),  (a,  b)  stand  for  inner  product.  To  expand  the  equ.(6),  we  have 
N  K 

Z  a  X  expj  [b  u.  m  ••  (7) 

n-l  *-l 
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Now  we  uke  out  the  real  componeni  and  imaginary  ones  from  equ.(7)»  we  have 


K 

I  a,  I  cos[b„u^  +'*'J“0 

Ji-l  k^l 
ff  K 

I  a  I  sinlb^uj^  +<p^  +'*'.1-0 
1  Jc«  1 


m  *  l^j***Af 


(8) 


We  assume  that  <p^  and  are  afid-’symmethc  to  the  centre  of  the  array  antenna. 
Therefore,  equ.(8)  can  be  simpliHed  as  follows 


If  K 

2  X  +'‘'.1-0 


(9) 


«-l  *-i 


Equ.(9)  is  nonlinear  problem,  since  V/S  are  the  email  phases,  equ.(9)  arc  expanded  into 
Taylor  series  and  the  nonlinear  equations  are  converted  into  the  linear  ones,  and  two  terra  are 
kept.  We  obtain 


N  K  UK 

X  o,  X  +«>*„]- 


+«>*ml-0 


(10) 


which  constitutes  a  linear  problem,  it  can  be  solved  by  using  the  modified  Gram-Schmidt 
orthogonalization'^l  Because  of  equ.(5)  or  (10),  'f  is  orthogonal  to  all  XJi,  from  equ.(3),  it 
can  be  seen  that  is  a  linear  combination  of  the  K  element  nulls  vectors,  i.e 

K,  -(exp/  b^u^,expi  b^fU^f 

Kj  -(exp/  b^u^,’"^xpi  bj^u^f 

... 

-iexpi  h,Ujf,exp/  b^Uj^.—^xpi  fryUjf)  1 

Then  we  have 

(<I',K*)-0 

It  means  that  if  we  use  the  weighting  phases  H'„  the  received  signal  at  array  anterma  are 
zero  in  K  direction  and  the  object  of  setting  up  nulls  is  achieved.  In  addition,  in  equ.(3),  by 
neans  of  the  basic  criteria  of  optimal  weights!  ** ,  we  select  the  number  M  of  initial 
constructional  ver’ors. 


(11) 


(12) 
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m.  THE  EFFECr  OF  PHASE  QUANTIZATION  ON  NULL  DEPTH 

Because  the  phase-only  nulling  synthesis  is  employed,  most  of  the  phase  shifters  axe 
digital.  The  digital  phase  shifter  consist  of  P  fixed  phase  shifters  whose  values  are  individually 
equal  to  2s  /  2, 2s  /  2^,“', 2s  /l',P  is  called  the  bit  number  of  the  phase  shifter.  Thus,  all  the 
values  cannot  be  exactly  phased  in  the  digital  phase  shifter.  Therefore,  the  phase  should  be  set 
up  in  the  element  must  be  quantized.  In  this  section,  the  effect  of  phase  quantization  on  the 
null  depth  is  analysied. 

In  general,  the  phase  quantization  fiinction  of  array  antenna  can  be  expressed  as 

■P'^ -/Bt(-^+a  +  i-E)-A  (13) 

where,  A  “  2n  /  2',  Int(  •  )  sund  for  integralization,  'P,  is  the  accurate  phase  shift,  'P,'  is  the 
quantized  phase,  P.  is  the  random  number  uniformly  in  region  (0,  I),  a  and  b  are  unknown 
constant.  When  a»0  and  b-0,  the  phase  quantization  is  rounding  off.  When  a>0.S  and 
b^O,  the  phase  quantization  is  rounding  to  the  nearest  bits.  When  a~  1  and  b^O,  the  phase 
quantization  is  rounding  up.  When  awQ  and  b«  1,  the  phase  quantization  is  random  phase 
quantization.  .A  vast  amount  of  computation  results  show  that,  when  a  >025  and  b>  0.5,  the 
effect  of  phase  quantization  on  null  depth  is  smallest,  this  method  is  called  as  Appropriate 
Random  Technique  (ART). 

Due  to  the  phase  quantization,  the  array  pattern  can  be  wrinen  as 

£(«)-  S  (W) 


where,  A'P,  is  phase  error  due  to  phase  quantization,  when  a>025  and  b»0.S,  using  the 
principle  of  peobability  and  statistics,  the  phase  error  is  random  number  uniformly  in  region 
[-3a/ 2'*’,  3a/ 2'^*].  So 


it  is  obvious 


<£(«)> 


I  o.  <e''=^'^- 

W—  1 


<  t 


(15) 


(16) 


according  to  the  definition  of  variance 
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In  Che  following,  some  cypinal  examples  are  given.  In  Fig. I,  the  total  number  ft  of  linear 
array  elements  is  20,  (a)  shows  the  quiescent  pattern,  its  distribution  is  -30  (dB)  Taylor  ones, 
ir~0.S4S8,  (b)  is  the  pattern  with  3  nulls  which  are  located  at  9  —  33.37  ’  ,  34.03  *  and 
-44.43  ’  ,  (c)  is  the  pattern  with  4  close  nulls  which  are  located  from  -33.36  ”  to  -37.58  *  .  It 
is  obvious  that  null  depth  to  suppress  interferences  is  about  -80  (dB).  The  effect  of  phase 
quantization  on  null  depth  are  shown  in  Fig.2,  (a)  (b)  (c)  which  are  the  patterns  of  Fig.  I  (c) 
with  6,  8  and  10  bit  phase  quantization  respectively.  Because  N^20  and  i|-0.8488,  equ.(20) 
can  be  expressed  as 

nZidB)  -  -  9.625  ~  6/>  (21) 

When  Jie  F=  6,  8  and  10,  the  SLL  are  -45.625  dB,  —57.625  dB  and  -69.625  dB.  From 
Fig.2,  it  can  be  seen  that  the  theoretical  prediction  are  in  good  agreement  with  simulated  com¬ 
putation  results. 
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V.  CONCLUSION 


It  can  be  seen  from  the  above  discussion  that  it  is  possible  to  creat  nulls  in  the  given  direc¬ 
tions  to  suppress  jammers  through  controlling  the  phase  at  each  array  elements. 

The  algorithm  presented  in  this  paper  has  an  advantage  that  the  real  arithmetic  opera¬ 
tions  are  only  used  in  computation.  So  this  algorithm  converges  fast  In  addition,  the  resulted 
phases  can  be  added  tc  the  phases  of  the  beam  steering,  and  the  production  cost  can  be  re- 
dticed.  The  simulated  values  differ  from  the  prediction  by  no  more  than  a  few  percents  in  ana¬ 
lysis  of  the  effect  of  phase  quantization  on  null  depth. 
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Fig,l  P»Kern  for  20  »rr»y  eletaeoi  wiOi  ph»ie-OD- 
ly  weighi.  (t)  quiesceni  ptttcrn,  (b)  (c)  pftnens 
with  Bulls. 


Fi(.2  Tbe  effec!  of  phase  quinlizatian  on  field 
paturn  of  Fig.l  (c),  hen,  tbe  bit  number  of  phase 
thifier  are  6,  S  and  10  respectively. 
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TVLL  WAVE  analysis  OF  INFINITE  PHASED  AMUY 


□F  ARBITRARY  SHAPE  PRINTED  LINE  HICROSTRIP  ANTENNAS 
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ABSTRACT 

Thla  papar  pratanta  full  waw*  analyala  of  Inflnita  array  of  arbitrary 
ahapa  nlcroatrlp  Una  antanna  baaad  on  oofflant  matbod.  Tha  active  element 
paranetara  ara  found  using  the  current  dlatrlbutlon  on  tha  radiating  alenant. 
Coapariaon  la  made  between  the  parameters  for  different  infinite  arraya  when 
tha  array  element  Is  a  linear  alcroatrip  dipole  and  whan  It  la  of  arbitrary 
ahapa  line  auch  as  circular  loop,  zigzag,  spiral, and  masndar  for  the  same 
substrate  parameters. 


I  INTRODUCTION 

Microatrlp  antanna  structures  are  suitable  as  radiating  elements  for 
phased  array  due  to  their  light  weight,  oospact  structure  and  low  cost, 
compared  with  other  types  of  radiating  elements.  Another  Important  feature  of 
microatrlp  antenna  structures  Is  the  ability  of  Integrating  different  devices 
auch  as  phase  shifters  and  amplifiers  on  the  antenuna  substrate 

Some  forms  of  microatrlp  antenna  structures:  such  as  rectangular  patch, 
circular  patch  and  linear  dipole,  were  studied  as  a  single  element  and  as  an 
array  structure.  H.Nankano  et  al  tl,2)  and  H,A.Ragheb  at  al  [3]  studied 
arbitrary  shaped  printed  line  microatrlp  single  element  antennas.  They  show 
the  properties  of  single  radiating  element  for  several  configurations  such  as 
circular  loop, meander  .zigzag, and  spiral.  D.M.Fozar  at  al  studied  the  array 
structure  of  linear  microatrlp  dipole  [4,S)  and  the  array  structure  of 
rectangular  patch  CBl.The  studies  In  [41  and  [5]  are  concerned  with  finite  end 
Infinite  array  structures  of  a  linear  dipole  respectively.  Compering  the 
results  of  [41  and  [5]  It  can  be  concluded  that  for  almost  mil  practical 
finite  microstrip  arrsy  structures  the  properties  of  the  Infinite  array 
structure  can  represent  to  a  good  degree  of  approximation  those  of  each  of 
most  of  the  finite  array  elements  except  those  elements  near  the  edge  of  the 
finite  array. On  the  other  hand,  solving  for  an  infinite  array  requires  solving 
for  only  one  element  In  a  periodic  structure  which  takes  Implicitly  the 
coupling  among  the  elements,  while  solving  for  the  finite  array  requires 
solving  for  all  the  elements  in  addition  to  solving  for  the  coupling  among 
them.  This  means  the  Increase  of  the  order  of  the  moment  method  matrix  by  a 
factor  equals  the  number  of  the  array  elements.  The  situation  bacomes  worse 
when  solving  radiating  elaments  structures  chat  naed  large  number  of  basis 
functions  to  describe  their  current  distributions  such  as  the  case  of 
arbitrary  shape  radiating  elements. 

This  paper  presents  the  moment  method  solution  of  an  infinite  array 
composed  of  arbitrary  shape  printed  radiating  elaments.  The  solution  is  based 
on  the  technique  of  Poisson's  sum  formula  [51- It  Is  assumed  that  the  radiating 
element  it  excited  by  a  delta  function  generator  placed  at  arbitrary  point 
along  Its  length.  The  current  distribution  on  the  radiating  element  Is  found  by 
solving  the  moment  method  matrix.  Then. one  can  determine  the  active  input 
impedunc.  and  the  active  radiation  pattern  .  which  represent  the  radiating 
element  parameters  in  the  presence  of  the  array  structure. Tha  variation  of  the 
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I 


Input  Inppdanc*  with  scknnlng  untie  li  etudled  alts.  Ruauits  ur*  prttanted  for 
toBi  ipeclal  caiBi  where  the  array  elenent  la  e  circular  loop,  a  zigzag,  a 
tplral,  or  a  meander. 

II  THEORY  g  ANALYSIS 


Fig.  Ill  ahouf  the  geometry  of  the  infinite  planar  array  of  Identical 
arbitrary  chape  mlcroctrlp  antenna  elements.  The  redtetlng  elements  are 
aaaumed  to  lie  in  a  rectangular  grid  with  spacing  aSb  in  xAy  directions, 
respectively. 

For  scanning  angle  (  S.^  );  as  shown  in  flg.(l):  the  current  on  the 
mn ^‘‘radiating  element  la  phased  as  : 

^Jko(BSuenbv) 

where  ko  la  the  free  space  wave  number  (koe2  ‘n/Xo  Ao  la  the  free  space  wave 
length  )  and  ugv  are  defined  as; 

u>aln(8)coa(p)  (2-a) 

v«aln(#)sln(p)  (2-b) 

The  electric  field  at  any  observation  point  I  x.y  )  on  the  surface  of  the 


substrate  is  given  by  : 

mere  n«r« 

^(x.y)’  Se-e  nS-e  ■^l  '  ^(xo.yo) 


Jko(mau*nbv) 


where  G**'ls  the  dyadic  Green's  function  for  the  an^^element.  Applying  the 
boundary  condition  that  the  total  tangential  electric  field  Is  zero  along  any 
radiating  eleaent  except  at  the  feeding  point,  the  above  electric  field 
Integral  equation  is  solved  for  the  unknown  current  distribution 

where  (xo.yo)  represents  the  location  of  the  excitation  point  . 

For  such  planar  structure  the  solution  requires  only  four  elements  of  the 

dyadic  Green's  fu»ietlon  Gpq.  which  represent  the  electric  field  In  each  of  the 

(p  •  X  or  y)  direction  duo  to  elements  In  each  of  the  (q»x  or  y  )  direction. 
The  elements  of  the  dyadic  Green’s  functions  are  given  In  reference  [61  . 

Tlie  Green’s  function  for  the  field  at  (x.y)  on  the  substrate  due  to  an 


Infinite  array  of  Infinitesimal  dipole  on  the  substrate  phased  at  (e.p)  is 


given  by 


Gpq' 


koab  a“-«  n«-« 


^Jkx(x-xo-na) 
dkx  dky 


^Jky(y-yo*nb) 

(4) 


where  QpqCkx. ky)  Is  the  dyadic  Green's  function  for  single  elenent  In 
spectral  domain  representation  16).  Using  Poisson’s  sum  formula  [SI  equation 
(4)  can  be  rewritten  as'  follows  i 


z  Qpq(kx.ky) 


(5) 


where  kx  and  ky  in  equation  (5)  are  given  by  : 

2n  m  2«  n 

kx» — j -  rkou  ,  ky- — g —  ♦  kov  (6) 

The  moment  method  can  now  be  applied  to  a  single  radiating  elenent 
structure  In  a  tingle  unit  cell,  and  then  by  periodicity  the  effects  of  all 
the  radiating  elements  In  the  Infinite  array  are  taken  Into  account  [SI. The 
length  of  the  radiating  element  is  divided  Into  small  equal  linear  sagments  as 
shown  In  fig. (2). The  position  of  each  segment  Is  defined  by  Its  x&y 
coordinates  and  Its  angle  a  with  respect  to  the  x  axis.  The  tangential 
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•  IvCli  iw  curr*rit  on  ths  antenna  iti  e;«p3nded  into  a 
plectwlae  elnueoldal  expantlon  function*  In  the  form  ; 

II  JKl)  f(W) 


set  of  overlapping 
(7-e) 


II  is  the  unknown  amplitude  of  the  basis  function  and  JKl)  is  given  by 
sin  k*(s-|l-li| ) 

JKl)  - - -  for  |1-U  |s  s  (7-b) 

where  s  is  the  length  of  each  segment  and  ke  is  the  wave  number  of  the 

expansion  function  which  is  taken  here  to  be  kov^(«r^l)/2  .  The  feeding  point 
should  lie  at  the  center  of  one  of  the  e>cpantioh  functions.  The  dependence  of 
the  current  on  the  radiating  element  across  its  width  satisfies  the  edge 
behevlor  which  is  given  by  : 

f(W)«  _ i _  for  -Uo/2«  U  <  Uo/2  (8) 

W?  -  (2W)^ 

where  Wo  is  the  width  of  the  radiating  eiescnt  and  W  is  the  location  across 
the  width  of  the  radiating  element  w.r.t.  its  center. The  testing  functions  are 
taken  to  be  the  same  as  the  expansion  functions  In  both  directions;  the  length 
and  the  width  of  the  antenna  element.  The  advantage  of  this  choice  is  to  make 
u^e  of  every  symmetry  to  reduce  the  computational  time  as  much  as  possible. 
The  feeding  is  taken  to  be  a  Dirac  delta  function. 

By  integration  w.r.t.  1  over  the  **e"  source  segment  and  Integration 
w.r.t.  1*  over  the  "f"  observation  stgaent.it  can  be  shown  that  the  general 
term  2ef  of  the  moment  method  impedance  matrix  is  given  by  the  following 
equations  : 


JZo  1«1 

J-: 

^  1 1 

^9) 

■•f  1.0 

J.0 

n*»m 

.  .  1 

e+l.f+)"  ^ 

n«-«  '' 

’•  .lAo. 

^JKx(xt+ 

i  -  xf*J)  ^Jkyly^’l-yf^J) 

(10) 

V  s"  Qxx(lcx.lty)  ♦ 

*ln(«r*o»)  Qxy(kx.ky) 

♦sinar  slnas  QyyCkx.ky)  CU) 


PO 


rl 


^-J(kx  cos«r*ky  sinsr)* 

ki  -(kx  cosar^ky  sinor)^ 
1 

ki  -(kx  cosar+ky  sinarj^ 


{-J(kx  cosar^ky  sinar)«'ke  coskes 
^J(kx  cosar+ky  sinarJs  ^  ^2) 

{J(kx  cosar+ky  slnar)slnked-ke  cosk*a+ 
“J(kx  cos«r+ky  slnar)a 


ke  >  (13) 

I  "J  ([kx  sinar-ky  co*ar)Wo/2)  (14) 

r  0 

where  kx  4  ky  are  given  by  equation  (6)  The  elements  for  the  excitation 
vector  (VJ  are  zero  ; since  the  electric  field  on  the  surface  of  strip  entenna 
is  ero;  except  at  the  feeding  point  where  it  equals  unity. 

Now  solving  the  matrix  equation  ; 

[21II1-IV1  (IS) 

the  current  distribution  and  consequently  the  input  impedance  can  be 
calculated  . 

Studying  equations  (6,9-14)  it  can  be  concluded  that  the  moment  method 
matrix  is  not  syrmnetric  except  at  the  broadside  direction  (scanning  angle 
0=0- and  b»0.  ).  However.  ^  equals  ^.for  all  scanning  angles  so  that 


r.  s 
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•qjitlon  [10)  cut  b*  ui*d  affactlvalv  for  calculutins  Z*f  «nd  Zfa  by  changing 
th*  conjugate  oparatlon  during  aunnation  procaei.  Toeplltz  property  which 
hold!  for  nonent  -Mthod  matrix  of  linear  dlpolelSl  it  not  valid  for  the  case 
of  arbitrary  shape  printed  antenna,  ^or  the  broadside  direction,  slnilar  pairs 
of  elaaents  which  have  the  saae  spacing  between  each  other  and  the  same 
orientation  with  respect  to  each  other;  as  shown  In  rig(."S);  have  equal 
lopedance  element.  For  any  direction  other  than  the  broadside,  all  the  moment 
method  matrix  mnouid  be  caicuiated. 

Variation  of  the  impedance  and  consequently  the  reflection  coafflclant  of 
the  radiating  element  with  scanning  angle  Is  studied.  The  worst  cate  for  the 
phased  array  occurs  when  the  reflection  cooi'ficlent  approaches  unity.  This 
represents  what  Is  called  scan  blindness.  In  an  Infinltt  phased  array  sc,>n 
bllndnssa  Is  due  to  sxcltstlon  of  surfscs  wavs  along  the  array  structure. 
Mlcrostrlp  structure  supports  at  least  one  surfsce  wave  because  the  dominant 
sods  TMo  has  zero  cutoff  frequency.  Scan  blindness  Is  tharsfors  an  expected 
behavior  for  an  infinite  phased  array  of  mlcrostrlp  radiating  slsmsnts.  At 
scan  blindness  the  radiating  slsmsnts  are  highly  reactive  with  zero  resistive 
Impedance  part  since  all  the  incident  power  is  captured  as  surface  wave  and  no 
radiation  exists.  It  can  be  explained  mathematically  due  to  the  roots  of  the 
Te  and  Tm  functions  which  appear  In  the  denominator  of  the  Green's  function 
(equations  (5-7)).  If  one  of  the  terms  of  the  series  In  equation  (20)  has 
)cx,ky  satisfying  the  root  of  Te  or  Tm  ,lt  causes  an  Infinite  Increase  in  the 
Imaginary  part  of  the  Impedance  elements  which  causes  the  highly  reactive 
behavior  of  the  radiating  alamcnt.  An  exception  exists  ..hen  there  Is  a  zero  In 
the  numerator  of  this  tarm  that  can  cancel  this  root.  Physically,  the 
cancellation  seans  that  the  polarization  of  the  array  is  such  that  It  is 
orthogonal  to  the  excited  surface  wave  IS). 

The  active  radiation  pattern  of  a  single  radiating  element  In  an  Infinite 
array  structure  is  actually  the  radiation  pattern  of  a  single  element  with  the 
current  distribution  derived  from  an  Infinite  array  analysis.  The  total  antenna 
radiation  pattern  for  practical  cases  Is  given  by  multiplication  .f  active 
radiation  pattern  of  the  radiating  elements  by  the  array  factor  for  the  actual 
array  size.  The  method  used  for  calculating  the  active  radiation  pattern  for 
unit  cell  is  the  rase  as  that  described  In  (1-31. 

Ill  RESULTS  AND  DISCUSSION 

The  above  theory  Is  Implemented  In  a  computer  code  for  calculating  the 
active  input  Impedance  and  the  active  current  distribution  of  several  shapes 
of  radiating  elements.  The  active  current  distribution  It  used  by  another 
computer  code  for  calculating  and  plotting  the  active  radiation  pattern. 
Results  for  different  configurations  are  presented  throughout  this  section. 
For  the  salte  of  simplicity  of  comparison  the  substrate  parameters  the 
lattice  dimensions  and  the  width  of  the  radiating  elements  are  )cept  constant 
for  all  cases  studied.  Hence  for  all  the  cases,  the  dielectric  constant 
tr'Z.SS.  the  dielectric  thickness  dm. 14Ao,  the  lattice  dimensions  a>b>.  SAo  and 
the  width  of  the  radiating  elsments  Uo».002Ao.  For  these  substrate  parameters 
there  Is  only  one  surface  wave  pole  corresponding  to  the  TMo  mode.  For  the 
above  lattice  dimensions  and  substrate  dimensions  .this  surface  wave  pole  Is 
excited  for  6  scan  angle  equals  Sb.203  at  the  two  principal  planes 
Id  -  0“xz  plane"  and  m-dO  "yz  plane") 

The  cases  studied  here  are  : 

)-  linear  dipole  of  length  .35Ao  .  (fig.  4-a). 

2-  Circular  loop  of  radius  ,  13SAo  .  (fig.  5-a). 

3-  Zigzag  of  total  length  1.29\o  and  3  zigzag  sections.  The  sngle  between  any 
two  adjacent  elements  of  the  studied  zigzag  Is  4S^  .  (flgb-a). 

4-  Rampart (two  sections  meander )of  total  length  l.OAo  and  5  equal  sections. 
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(fl«.  7-^) 

5“  Spiral  of  total  langth  1  91\o  Th«  •triifht  part  at  its  cantar  is  04064\o 
Tht  spiral  function  is  p*A  pa  .whara  A  is  tha  spiral  constant  and  Ps  is  tha 
spiral  winding  argta.  A  •  0077616  Ao/rad  ,  (fig  S^a) 

Variation  of  tha  activa  Lmpadanca  of  tha  array  alaaant  with  scan  anglas 
is  prasantad  at  tha  raflaction  coafficiant  w  r  t  tha  broadsida  kmpadanca 
So  that 

21®,p:-2.0.C) 

Rvd.dl" - »  nt) 

2i«.p)*2  (O.C) 

uhara  R(6,p!'  !■  2(6, p)  arc  tha  raflaction  coafficlant  and  tha  input  iapadanca 
raspactivaly  for  scanning  angla  (6.p) 

Tha  fiva  figurat  4b:6b  prasani  tha  raflaction  coafflciant  varaus  acan 
angla  for  tha  two  principal  pianas  for  tha  abova  fiva  caaaa.  By  copparison  it 
can  ba  scan  that  tha  raflaction  copfflclanta  for  tha  circular  loop,  tha 
ranpart  and  tha  spiral  do  not  raach  unity  in  tha  two  principal  plants  at  tha 
angla  corrasponding  to  axcltation  cf  turf act  wava  and  at  which  acan  blindnass 
is  supposad  to  taka  placa.  But  for  tha  linaar  dipola  and  tha  zigzag  tha 
raflaction  coafflciant  raachas  unity  at  scan  blindnaas  for  tha  plana  p*90 

Tha  axplanatlon  for  this  bahavlor  of  tha  raflaction  coafflciant  is  that 
tha  currant  distribution  along  tha  radiating  alanant  lands  to  rotata  alcr.g  tha 
alamant  in  the  diraction  orthogonal  to  tha  surface  wave  polarization  if  the 
position*  of  tha  sagnants  of  tha  rsdistxng  aippants  allow  this  rotation  This 
property  is  obvious  by  studying  tha  currant  distribution  and  tha  active 
radiation  pattern  prasantad  hare  for  tha  case  of  the  spiral  at  tha  broad  side 

diraction  and  at  tha  angle  corresponding  to  tha  excitation  of  surface  wa^^a 

(figs  Due  to  this  property  .the  real  part  of  tha  currant  at  tha 

feeding  point  dots  not  raach  zaro  and  eontaquantly  the  real  part  of  the 

impadanct  dots  not  raach  zero  either  Fot  tha  zigzag  and  tha  linear  dipolt, 

the  property  of  rotation  of  tha  currant  dost  not  exist  because  all  tha 

segments  of  tha  radiating  aiamants  are  not  ort.hogenal  to  tha  surface  wave 
polarization  at  tha  yz-piana 

By  studying  Figurat  (7*6  4  8-b)  other  peaks  in  the  reflection 
coefficients  are  shown  not  to  conclde  with  the  angle  corresponding  to  tha 

excitation  of  the  surface  wave  and  these  peaks  srt  lower  than  tha  peaks 

corresponding  to  tha  surfsca  wave  in  the  other  scanning  plane.  These  peeks  are 
due  to  a  leaky  wave  excited  along  tha  array  structure  (7)  The  difference 
between  tha  peak  reflection  due  to  leaky  wave  and  the  peak  raflection  due  to 
surface  wave  is  that  for  the  foreer  the  real  part  of  the  active  inpedanca 
increases  rapidly  w  r  t  the  broadside  one  while  for  tha  later  tha  iBafl>nary 
part  incraasat  rapidly  w  r.t  the  broadside  one  Figs  (8  g-h)  show  the  currsnt 
distribution  and  tha  active  radiation  pattarn  for  the  spiral  at  tha  angla 
corresponding  to  tha  leaky  wave 

IV  C30NCLU5XON 

Full  wava  analysis  of  Infinite  phased  array  of  arbitrary  shape  printed 
antenna  Is  presented  based  on  solving  tha  integral  aquation  for  tha  currant 
distribution  using  aoeant  aathod.  Results  are  obtained  for  special  cases  where 
tha  radiating  element  is  a  circular  a  loop. rampart  (two  sections  maandar],  a 
zigzag  or  a  spiral  Conparison  is  maoa  batt^aan  tha  results  obtained  for  these 
configurations  and  the  linear  dipole  with  the  saaa  substrate  parameters  and 
the  aant  lattice  dimensions.  It  is  found  that  tha  infinite  array  of  arbitrary 
shape  configuration  tends  to  rotate  the  real  part  of  the  current  distribution 
along  its  length  to  be  orthogonal  to  the  surface  wave  polarization  if  the 
rotation  is  possible  for  the  element  configuration  This  results  in  reducing 
tha  reflection  coefficient  iaf«  mun  unity  at  tha  scanning  angles 
corresponding  to  the  excitation  of  the  surface  wava. 
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0  »  Sc^nnlrwq  Angl«  9q 

R«ri«ctior^  Ci^rfficlcnt  v.S.  3oan  Angl#* 


Fig(«-4)  Uirwar  dioc/le 
of  totAl  length 


C  SfcUinaarig  ArK[i« 

M«(S-dJ  B«fl*ction  Cottficient  y.a'  Scan  ad^Im 


fi9(.S-4)  Circular  LAOP 
•  Of  Radlu*  .1551' 


0  I»  Scannin*  angle  ’  »6 
«S.*-6J  IWflaotion  Coaffici.nt  V.s.  Scan  Angle* 


Fig(4-a)  ligzag 
of  total  Icngtii  l.zSin 


0  '■  Scanning  Angla 
Flg(7-b)  Reflection  Coafficlant  v.s.  Sc 


scan  Angle* 


Fig<J-a)  Raioert 
of  total  length  l.oi.- 


for  all  th*  ai?ove  configuration*  arb:.i*-  .di.iaX".  *  «'rz.55 
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Reflection  Coefficient 


Fi9(8-ai)  SoXvAl  of  tot«l  l«n9th  1.91^'' 

For  -tht’  Aov*  ccnflgurationo  asbs.S^n, 

ds.UX*.  |ln£.00«Xri  t,  <r=2^S& 


Fl9(0-d)  Curr«fn  Sifttribution  4Jong  tM 
.  rbdltlng  «l€«tnt  for  tb*  «««nning  «n9l« 
(830  .  830) 


FigfS*^)  Activ*  fUdi«-iion  PAtiArn  In  the 
yz  plane  foi-  a  radiating  alaaant. 

Tt»  6carm.J*q  angia  is  (‘’so  ,  ♦sO) 


FigCa-f;  Currant  Oiatribution  along  tha 
raditing  elaaent  for  tha  warning  angle 
(8:M.2  ,  '>*90) 


FiglS-a)  hetiva  Radiation  Pattern  in  the 
yz  plana  for  a  single  radiating  a.leaant. 
The  acanaiing  angle  i&  (9356.7  ,  ^=90} 
etiich  i»  corresponding  to  3.W.  excitation 


Fig(8-h}  Current  Oiatribution  alcng  tSw 
raditing  eieatnt  tor  the  scanning  angle 
(9s  W  .  ♦=o) 


Fig(B-9)  active  Radiation  Pattern  in  the 
yz  plane  for  a  single  radiating  eleac  t. 
The  scanning  angle  is  (9s50  ,  ♦sO) 

•»hich  is  corresponding  to  L.K.  excitation 
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EITKaDfT  MUTUAL  COUPUMG  COMPUTATION  FOR  SYMMETRICAL  ARRAYS 

S  CKRISTOPBER  MUHYASHREE  WS  vRAKASH 

ELECTRONICS  AND  RADAR  DEVELOPMENT  ESTABLISHMENT 
BAMGALORE-aa,  INDIA 


ABSTRACT: 

A  Mthod  tuna  been  praaaated  in  tMa  pay*)/  ratiiioa  the 

ooMputatlonal  tiaa  Involvad  In  tha  avnii.ation  of  M'.srnnl  niitunl 
oopplinS-  Syanatry  proparty  at  tha  array'*  has  ti--..  '.Ka.tid  to  brinf 
down  tha  tine.  Aa  thara  la  no  npprosltiULtii.>n  tha  pranant 

aethod  doaa  not  affact  the  ai^eurncy.  CartAi'i  ’.;.>»<eA  of  linear  and 
planar  nrraye  have  bean  oonaidarad  hare  aiu:  thaorltioni  and 

praotloal  reaulte  are  preaanted.  The  nnalyein  praaantad  in  thia 
paper  hae  lifnif leant  application  in  the  ieutitn  of  larRe  planar 
array a, 

INTRODUCTION: 

The  slotted  arrays  find  astenalva  applications  In  radar  and 
satellite  coMuni  eat  ions  due  to  their  hlfh  affloieney  and  elesant 
faadlns  network.  The  present  day  daaisns  include  slet~to-slot 
external  autual  oouptins.  In  a  syathaais  procedure  such  as 
Elliot's,  evaluation  of  asternal  nutual  coupling  between  slots 
account  for  aost  of  the  oonputationl  effort  (11.  Therefore  fast 
and  accurate  coaputation  of  autual  ooaputatlon  has  been  a  topic  of 
discussion  in  the  prior  literature.  Dipole  analogy  has  hee^ 
eaplo^^  by  Hansen  and  Brunner (21.  The  autual  coupling  between  i 
and  j’’  slot  is  a  four  fold  integral.  Masxarella  and  Panariello 
have  evaluated  this  integral  by  a  Taylor  series  expression  around 
half  wavelength  long  slotsOl. 

Neat  of  the  praotloal  antennas  that  we  encounter  are 
syaaetric  with  respect  to  their  axes.  Linear  arrays  are  eyaaetrlc 
about  their  oenter  and  the  planar  arrays  have  quadrant  synaetry. 
This  aethod  exploits  the  syanetry  property  of  the  practical 
antennas  and  thus  reduces  the  ooaputer  tine.  This  algoritha 
provides  SOX  to  T5X  coaputation  reduction  tiae,  with  no  loss  of 
accuracy.  Since  this  exploits  the  syaaetric  property  of  the 
array,  earlier  tiae  reduction  techniques  oan  also  be  used(4l.  This 
paper  explains  the  algoritha  and  coapares  the  tiae  considerations. 
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THEOBT: 


In  thn  daaifn  of  alot  arraya,  the  Isnfth  and  the  offaet  of 
each  of  the  alata  have  to  be  ooaputed  by  an  iterative  procedure. 
It  involvea  the  ooaputatlon  of  external  autual  coupling  aatrix  a 
nuatver  of  tinea.  Thua.  any  percentage  reduction  of  tine  in  this 
conputation  refleota  In  the  over-all  conputational  tine  in  a  big 
nay.  In  the  algorltbn  preaented  below,  the  only  aaaunptlon  nade 
that  the  array  ia  having  quadrant  aynnetry  or  one  plana  aynnetry. 

It  la  obvioua  that  in  the  ooaputatlon  of  external  autual 
ooupling  aatrix.  we  have, 

Y.«Y  . (1) 

‘J  J' 

where  Y  la  the  coupling  froa  i  elenent  to  j  elenent. 

ij 

Thia  equation  gtvea  SOX  reduction.  Apart  froa  the  above  aentioned 
property,  the  aynnetry  of  the  array  can  be  exploited  to  give  aore 
than  SOX  reduction. 

CASE-1  :LniEAS  ASRAY; 

Let  the  nuaber  of  eleaenta  be  2N  in  the  oaae  of  even  n.o 
aleaentaaad  (3N'«'I>  in  oaae  of  odd  nuaber  of  eleaenta.  The 
ooaplete  axternal  autual  ooupling  aatrix  ia: 


EVEN  CASE: 

Ve  can  uae  Y  w  y  for  l  >  j.  i..*.  upper  triangular  aatrix. 

W  h 

For  I  >  N  ,  we  can  uae  Y  »  Y  where 

>■1  pq 

p  =  2M  ♦  1  -  I  and  <i  =  211  ♦  1  -  j  _ (3> 

Out  of  2N  rowa.Ve  have  to  coapute  only  a  portion  of  the  firat  N 
rowa  of  external  ooupl ing  aatrix  and  the  reat  of  the  N  rowa  are 
filled  up  uaing  (3). 
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ODD  CASE: 

¥o  o*n  u«e  Y  “  Y  for  i  >  j . 

'  J  Ji 

For  i.  »  fK+l)And  j  ><N*2)  «nd  for  i  >  (N-'Oandl^j  <(2N+t) 


¥«  uae .  Y  «  Y  wbare  p  =  2N  ♦  2  -  i  and  <t  *  2N  ♦  2  -  j  . 
I  J  pq 


CASE-2:  PLANAR  ARRAY: 


. . . .(4) 


EVEN  CASE: 

Lot  the  nuBber  at  eloaonta  bo  N*.  Tho  ooapioto  ocupllns 
■atrlx  will  bo  of  <N*.N*>  aizo.  Vo  havo. 


Y  =  Y 
ij  P<1 

For  1  <  J  <  N*, 

If  (N.K  •*  N/2)  <  i  i  N(K-»1):  for  K  >  0.1,2 . {N-D 

thon  p  o  (N.E+1)  ♦  <H.E  ♦  H)  -  j 

q  »  (N*!)  ♦  2(L  -  1>H  -  J 

for  (L.N«1-N)  <  J  ^  L.N  for  L  =  1,2,3 . N 


olae 


If  <N*/2  ♦  K.N)  <  i  <  <H*/24N(E+1))  for  E  «  0 . 1 .2.  .  .  . (N/2-1 ) 
then  p  «■  t  -  2.E.N  -  H 

,  a  J  -  2.N.L  ♦  N<N*1).  . (S) 

Thooo  oloaenta  not  oovorod  by  (5>  are  to  bo  ooapated.  The 
nunborlnE  of  tho  oleaonto  la  done  froa  left  to  right  and  top  to 
botton  no  atacmn  In  Flg.le.  For  a  typical  oaao  of . IB  oloaont  planar 
array,  tho  elenonta  for  which  autual  coupling  Integral  baa  to  be 
evaluated  la  ahown  In  Fig.lo.  Even  for  theae  olenenta,  only  a 
portion  of  the  row  eleaenta  have  to  be  ooaputed.The  equationa  for 
Odd  nuaber  of  olenenta  and  one  plane  ayaaetry  are  not  preaented 
here  aa  they  are  aiaple  eztenaion  of  the  above  aentioned  caaea. 
Even  though  the  equationa  appear  to  be  coaplez,  they  are  quite 
eaay  to  prograa. 


577 


RESULTS: 


For  ■  Llnmr  slot  array  of  N  eleaants,  the  Tlae  Reduction 
Code  <TRC)  ia  iBuleaented  by  ualod  an  array  IchaktN.N)  of  integer 
type.  If  Icbekd.J)  *  l  than  that  particular  aleaent  of  coupling 
■atriz  haa  to  be  ooaputed  and  it  lohekli.J)  »  0.  it  need  not  be 
ccapcted  The  percentage  aaviog  in  ooaputatic  tiae  for  even 
nuaber  of  eleaenta,  ooaputed  uaing  Eq.(U>  la  r  in  Fig.Z.  A 

ooaparislon  ie  aade  between  tiieoritloal  data  k  the  practical 
data  which  eonalders  the  tiae  taken  to  run  the  tiae  reduction 
code.  In  Fig. 3,  for  the  oaea  of  odd  nuaber  f  eleaenta, the  tine 
reduction  (X)  ia  preaented  aa  a  function  of  .luabar  of  eleaenta  of 
the  1 1 rear  an  ay.  To  coapute  the  autual  coupling  between  eleaenta, 
the  equationa  derived  in  141  have  been  uaed.  In  the  oaae  of  Planar 
array,  the  tiae  reduetion  ia  preaented  in  Fig. 4.  The  Quadrant 
ayaaetry  aa  well  aa  Half-plane  ayaaetry  have  been  abown.  For  a 
trivial  caae  of  4  eleaent  planar  array,  quadrant  ayaaetry  and 
Half-plane  ayaaetry  are  one  and  aaae.  The  practical  reaulta  taken 
into  conaiderat ion  the  finite  run  tiae  of  TRC  are  preaented.  Even 
though,  the  run  tiae  of  TRC  la  aignlf leant,  the  over-all  tiae 
reduction  la  oonalderable  aa  can  be  viaualized.  All  the  prograaa 
are  written  in  Fortran  and  run  on  386  aachine. 

COKCLUSION: 

A  aethod  baa  been  preaented  to  deatgn  alot  arraya  with  rapid 
ooaputation  of  autual  coupling  in  the  linear  and  planar  eaaaa.  Aa 
there  are  no  aaauaptiona  aade  on  the  eleaent  propertiea  Itaelf, 
there  ia  no  loaa  of  acouracy.  It  ia  found  that  the  ooaputatlonal 
tine  ia  dependant  on  how  efficiently  the  equationa  are  prograaed. 
The  difference  between  the  theorltloal  coaputat ional  tiae  and  the 
tine  taken  practically  ia  attributed  to  the  run  tiae  of  the 
equationa  given  in  tbia  paper. 
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Fii.<lA>  SyM«trio  LtnMr  Array  tilth  Even  Nuaber  of  Eleaente. 


Fif.db)  Coaiwrleioo  between  CouptiBg  Hatrices  uelnf  preee&t 
■ethod  and  Upper  Triangular  aatrlx  for  4  eloaent  Linear  Array. 
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Fif.do)  Quadrant  Syaaetric  Planar  Array  with  16  Eleaenta. 
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Fig. 4  Planar  Array  of  N  ♦  N  tlemenl;s  With 
Quadrant  and  Half  Plone  symmetry. 
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